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fh.Q effect of p lastic deformation upon the internal
friction  of various ^ l©a of copper lias- I o  investigated
with ttie aid of a torsion pendulum having a low fesoksrciiiaa
om y loss* Kaergy dissipated fey deformed copper '
vib tin® at frequencies of I  «* 2 cycles per 'second appears
to fee caused fey relaxation phenomena rather tinea fey .
tlowlelc*a mechanism of sta tic  hysteresis* Tfe© cold wmk
induced internal fr iction  vim®  to a acnsinum for cr itica l
shear strains la  the range.-0*003 ** 0*0$ -after tiliicli.it
decreases rapidly* secondary maxima on the internal.
friction/a train curves .. arc associated* with preferred
orientations ia i l ie  recrystallised, material* flia
magnitude' of the internal fr ic tion  effects  produced by '
straining increases with the to stare at which the
material hm  previously feeaa annealed*
' Hie' internal fr iction  Qhaugas tiitt time after etrelnin
Pith  wo „ orolelly  pure materials this change i s  invariably'
a decrease* Witli Uieh purity materials the change might
fee either an increase or decrease*' and la dependent upon
the metallurgical history of the specimen* ffe© impurity
*
lev e l marking the trm aitioa between those-two types of 
behaviour is  approsiEiately CW l^ fey weight* ' ■ ■
u  a u  of e la stic  -modulus accompany those changes 
of internal fr ic tion  but are rut ll^ oetly  related to them*
** 11 #* . . •
mo elastic modulus imrariabiy increases with tlm  after 
straining* file nogaituJ© of this effect does not
depend upon purity but is  affected fey the temperature
at which the spoolmon was annealed*
flio internal friction induced by cold working: can 
be virtually eliminated fey annealing at iSO°0* fhis 
temporaturo is  well below that required to cause soften-* 
in® or appreciable recovery of elastic modulus#
the esperinent&l results have feoea interpreted in 
term of a hypothesis involving the microtiOQ of 
dislocations to impurity atoms# Evidence in f&vour of 
tiila hypothesis Is afforded fey the results, of electrical
i
resistance mossuro. Aosta on strained copper wires*
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to® toelasttoBehaviour of P lastically  Ooa'^*
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I,* 1n fez oh ‘et ton.
LBtaitorgy is  becoming increasingly a study of : 
i „ :r f0a tl0?ia end current theories 'oonoaatrst© on 
evpi inifig exporimoutrd phonoi ori  not oa an ofesolut© 
basis b u t  t o  terms of t o o  deviations of actual metals • 
tm u  Bom ideal atoto* '. IZua a;, presto lias proved 
particularly effective . in too fie ld  of crystallography •- 
iMqtq too dislocation theory nm  Into actual *
behaviour la  terms of sitcfit deviations from an. Ideal 
spaoo lattice#
s. meohanleai counterpart --to to© Geometrical approach 
of to© dislocation theory is  afforded fey too study of 
internal friction# to® mn*©iastlo behaviour of metals 
is  now. feeing extensively studied because i t  feas hem 
found that sligh t deviations from an M eal e la stic  state  
con be successfully interpreted In terms, of the kinetics 
of changes' ia  toe MeroN-structure#
in general, deviations from true e las tic ity  are bo 
email' that systematic studies are best imtortsken by 
experiments lavviteation wfilto permit ra absolute * ermure 
of the non«*el&stio cor^onont to fee made# such tests are 
essentially  non^destruotiv© and are carried out at stress
levels so low that m  possibility  of plastic deformation "
m S- **
exists# A- s tr ic t  d istinction has to be observed 
between internal fr iction  measurements'made' at 7 '■' ; . 1
r*owUsifel© stress levels  and'experiments'on deeping 
* *1 ich are carried out-bV stress levels ■ comparable to  
those e m p lo y e d  in la e e h in ®  ioeien#
too internal fr ic tion  of a ©sample* * u  ^ *:d tinder 
s tr ic t ly  defined conditions* .reflects ®om aspect of 
i t s  metallurgioal ■ ohorsotor' and such isa^sire mats oaa - 
yield in fer .f~ Uoa unobtainaMo fey other techniques* 
a phyoieal in tat ion of those measurements ■
involves the application of time m m third dimension 
t o :norml stress^straia relationships* - Although many 
approaches have feeea made to tola problem, that of Seaer 
has proved more ■ ganoralij sudoonoful# . ortox* postulate© 
that the behaviour of metals.rnder .stress can fee, desorib"* 
ed fey'a d ifferentia l equation • linear la  terms of stress , 
©train and their f ir s t  derivatives with respect- to tins* 
Materials obeying &mh a law are teoim as "standard linear 
solids**1. fit© sudden application of a stress to sueh a 
solid  results in  m  instantaneous strata which relaxes 
exponentially to an equilibrium value if-th e  stress Is ' 
maintained oomtant* •;. Conversely i f  the strain is  maintain­
ed constant tho stress decays expoaoatially to soxso lower 
equilibrium value* Much a solid  w ill exhibit m e la stic  • 
aftor^offeet i f  the load is  suddenly removed* -
Effects similar to tills if® ^ ss tfo i la actual 
mtsXB bM  tko.r.ejority of internal friction effects
aa far observed mn be Interpreted la terms at, tnis
( i l  :general • picture * Saner. in X94H ? coined tlie term 
^aneiastlolty* to describe tlie beiiairiouf of mterlala 
itilcla. exhibited tn©s.e relaxation p’ 0 o oosu
PmBlopmnt of t&e tlieor^ la  greater detail le i  to
(S J  't!ie publicat lea of Ills -monograph. In 1943 # la this
work tlie physical interpretation of many relaxation 
processes which cause the dissipation of energy from 
vibrating metals was', comprehensively described# . flio ' 
Internal friction of n standard linear solid is  indepea" 
lent of tlie amplitude of wlbmtion tmt Is strongly 
dependant on the w&ea tlie period of oscillation,
becomes comparable to ' the tlao of relaxation# 1  peals 
oa the internal friction curve occurs w&ea tlie period of 
oscillation coincides witt* the time of relaxation* tlrns 
permitting, the piyraioal processes causing- the dissipation 
of anarch to be Identified* fho definition of enalast* 
iolty. given in ttio introduction to amor*a monograph is  
sl'y lp  *tbat property of a solid in virtue of which stress 
and strain are not uniquely related in tto prc-plastio 
range#11 fii© efgermt of tlie norlc* liowerer* confines 
its e lf  to relaxation processes*
Plastic deformation* although important, la oniy one
mt i- 4.
of the mny factors-.causing Internal • fr iction  effects ' ■
in isstals# ttilie  these• other factors h&to. the ir
characteristic position ©a the acoustic spaetram t ie
internal fr ic tion  caused fey eoX^woxMfig ta unique‘in
(19*
that i t  can M  ataSisi at my frequency* ' flowiek ■ . in
a.reirteif-of th issu b ject concludes that at^fx^ % oles • 
in  the kilocycle range tlie in te rn a l f r ic t io n  ia&ueed fey 
plastic Heformation is  aot.oausod by oneXsstio preoessoa 
but by a simple stress hysteresis seshfinfea*
Tery few systoB&tio experiment© oa tlie effect of 
plastic deform tion hatre boon carried out at low frequea* 
eles of wUtm tim * ■ Tim i ie il te i s^mmM of Information 
pectaiatng to this f ie ld t txroerep*. suggests that, at 
frequencies of the- order of one oyol© per second, 
relasatlon processes are responsible for Vm' dissipation 
of energy* fhe re su lts  of the present research ere in  
ngreoneat with th is  conclusion* The term .^aneXaetlclty** 
lias therefore boon retained to . describe th© In ternal, 
friction effects exhibited’by plastically defomsd copper 
sp m im m  Titrating a t low frequencies*
**■ f j  «**•
It* l i  * * 5o V <*» c f P lm tie - ily  : ©t*l*
Plastic Cefo&ur fcion increases the internal m o tio n  
of petals.and.alleys* . ‘f lo  Jji prJ^ ~ lly  of. theoretical 
significance the subject is  not.witaout i t s  practical 
implications* S osa  hero b33*i o^prcoiatei im? hundreds 
of fears i n 'bell foundries whmm i t  is  well immn that 
sonorous alloys era irxsrivbiy so inherently hard and . 
b r itt le  that so p ossib ility  of p lastic  Cefazmtlon- exists# 
fhe metal par esosll®sa0 i s  e ssen tis lly  one contain** 
lag ecy^or aai tin* sad.tin  contents frost S0«S4 per coat# 
with a leasing to vds.tha 'higher amount .ere claimed fey ..
ow e authorities to yield tti© ideal a lloy  for largo
( 3 ) ’ • ■ ' -holla v  llies© ©Ilopgape trery.bsrd "ad haro gsero
elongation* yreoturcd.■ samples of good material. eho*i a
{« ay surface la 1- which • the; mdsmagol. cry at r! f  aces should
be clearly risible* ■ fhe 'Successful fern for m e t, • there*
fore* offset a e&tlsf&etory compromise between hardness
and strength in order to prod *co a boil hairing a fu ll  tone
r&ieh is  capable of resisting  the effect, of repeated
blows*. . . ; '
fh© subject hm boon studied ©xperir.o its liy  by
G u ilie t^ J  ^ l0 Eseasurod the internal fr iction  of eater©1 
copper alloy© suitable for h e ll founding* *  ^ alloy
0b 0b
appro&i ting to compound ©oinposition Cu^ss^*
albtoa:j3. b r itt le , tod -t&e‘lowest internal friction
©f eny which trore ommiaetU'
to st of the tm m roh m internal, fr iction  effects
associato-d'with the cold^&og&lng of metols toe,' however*
toon atorfcatosi with "the object.©f ohtMiag ligh t m ..
tlie fundamental p ’ of iaporfeot crystals*- .
qualitative inform tion ton toen. reported by m^r wsrtars*
Tomlinson in 183?^ and Botiessa smd Carrier© in 1900^ •
refer to the effects  of low teraperetrare heat-'treatments • -
©a the interns! • fr iction  of deformed" ix w  wires* ■ and :
similar effect© have been noted by m ap xtmkms sine© '
this period* particularly ■ la  connection with the torsional
t ^ Jhyetoreieis - of s t e a ls ' »
■ Correlation of til© data reported by different workers
is  complicated by the variety of methods which hare boom
adopted to doforn the too a tor pies* flies© have . rvngsd
from the internal ©old working os toed by .the for a* ion of .
 ^ * teaslte 'in  s t e e ls •or the electro lytic  absorption of
|03)
hydrogen in palladium ^  to the sligh t - straining, caused 
by iftoping annealed specimens from varying heights on to 
wooden blocks
■In general i t  can'he stated that tit© importance of 
maintaining low amplitudes of vibration was - not appreciated 
by lirrostigatoro until the experiments of togel and
It was ©st&blicsied-th&t the of foot of plsotio ■ deformation
was to increase M0 tntor/nl fr ic tion  of srmsalei totals*
the increase of internal fr iction  so c* :to1 could bo
rcrovod by annealing at temperatures w ell below those
r e t ir e d  to © to© softening o r  rc^ryatallisatioa* . t o
further associated 0 i i  00 & tree the gradual doccy with time
at roam tctaperetiiro of the- internal fr ic tion  caused by • -
appreciable p lastic  deformation Which was- reported by
several voxkera. a effects are discussed in ureater.
detail, under the followims heaainip# . p
Cl| ' ff^ot of to area of 1 torto*% ;
.' sUx© f ir s t  comprehensive study of the of foot of cold-
working on the internal 'friction  of to ta ls  was undertaken
by workers at the Ealaer Wilhelm Institute.# ' xcoster and-
( 9 )
Bosenthal maasurei the internal fr iction  of samples of 
polycrystalliao alpha brass which had been reduced-in-, 
cross^soctional area by oold~ tow ing by amounts varying ■'" 
tip to a nssimm of 60$.* . Inductions la  area w ithin. tlie 
rang- 3to-to,> resulted in a continual increase of Internal 
friction* ' fix© Internal fr ic tion  of the specimens dropped 
rapidly immediately after- straining and thereafter more
gradually for periods as long as 100 hours. Half m:- - 
*
hour after straining the internal friction  of specimens 
subjected to reductions of 10 * ad 00,1 wars 5 and IS times
higher respectively V  ^ that .-of fee fu lly  « v* tod ■ 
material* Jf'tsr standing at room tonpereturo fo r : •
ISO tours feoso-ratios© 1 'C'dropped to & and S ■ ■
respectively*
(10). ■-■. Sonar# Clarke end smltii % wto also sta lled  
alpha toas% report©! a iwmiarm on the curve of - 
internal fr ic tion  plotted eg .la st degree of - straining* ' 
la th is research two sgaeitoao v©:r@ extended lon&Ltudln* 
a lly  i n a testing  narhito*. : %ho interne! fr ic tion  was 
. manured 10 i after statatag* ©ad no ©tango of: 
deorcaeiit with t im  mm reported by tiieaa.wo *&« >&.(■ W'tfA* I'M? The ■
maxima decrement wan..produced by a permanent estoaoion 
of approsimateiy 7/* and was roughly fiv e  times that of. the
- unstrained material* . ."
1 1 1 ) 'Boulaxpr in 1948 oomonoUarod that la  the ease of
an to/30  ni© al*ferosdus,eiloy a r a t o i  on 'fee otmm 
relating interna! friction .. to ctajrex of extension ©mili only be 
totoenrad i f  su ffic ien t time had elapse;! after straining# 
i f  ter m ageing tree fern t  consisting ot 100 hour a at SO°0#t 
fo lio  ta by Ito hmms at !Q©%«f the curve of ^ residual 
lu o r ^ i  friction  cto ia lto ) a maximum value for i _smsat 
extomimm ot'cppzoti to ly  S#l* ■
tmmm in 1941 studied the effects- of compressive . 
stresses cm fee internal fr iction  of polyorysteiline 
samples of high puritycopper# ' the stresses wera of.fee
0uii33? of cia© ton per square inoh end -did >t cause mp
p la s t ic ■ toloraatlcm* • .B y  plotting t o r  .
Initoral fr ic tion  of-sample s against the stress to which
f e o y 'h a d ; : b e e n  o u b je o t o d : ho -• o b t a in e d  c u r v e s  e x h i b i t i n g
s
wall defined iMSina for- stresses.of-about 109 Kg/oin* * ■ 
ITo.deorqase.of internet-.friction Immediately after 
stressing w as reported .b y  the investigator*' -
Hie increments of internal M o tio n  wc“*o creator 
when the straining was : carried out at co°E# ttoa feen 
fee earn load was ip p lie i at room temperature.)* but t* a ■
■ gsaeral SJbwfciJ5 © o f too curves produced were similar# -
(ill) (B5) (14) ■
Esperiricnters . ■. -.tio subjected single
crystals to cm idorable plexstlo -defamation noted. a. . . ’ 
rapid drop of internal fr iction  after straining* ■
Saaiguti; end f f ir a l^ ^  -cbtainoi well defined maxim by ■ 
plotting the ia teracl:fr lo iion  of -alngio crystals o f .- 
copper against fee resolved J L st strain*., tfea-ae 
espertocaters found feat,: no two o-rystala gave fee same , 
results and reported niaxfea occurring for ©hear strains 
in fee range Q#08«*Q*£0* .
le y & e r a  s f e & y l n g - s in g le  c r y s t a l s ^ * ^ ? | | 1 | § > § f j f f j ^ • 
have found feat fee * plication of stresses well bolow 
those repaired t o  cause a n y  maaurabl© permanent s t e in  ' 
resu lts in  a considerable Increase of internal M otion#
square'inch* result la  increases ©f Internal friction  
which' are- permanent at room t e  s:sotore for eu&iQ metals '
sueh as cooper and’transient’for hoxagonai-singlo
{ f j j }
oryaiais sueh.as also v d‘ j  sium* Kowiek explains 
.fee'difference in 'the case of copper and 'zim crystals in 
terms of. the lower ratio tosfevon raxj t;omporature and ’ 
melting. point of sine ©o^sivd wife copper, alfeough 
alternative explanations "oould equally *0^1 toe based upon 
fea  crystallography o f  the two types of imtali* ’ ■
. m u m .
Wife fea exception of f e e .researches of K&eiguti * '
a ttj ipis to 'relate fee degree of -stressing or straining 
with'fee internal fr ic tion  produced do not appear to have 
been c v*o toy workers in -fee single crystal field* .Eeed^^  
t  x a a ‘schematic representation of fee depend©©00 of internal 
friction  of ©upper open fee amount, o f ‘©old work i t  had receiv­
ed* This curve exhibited-a well defined maxima for small- 
©smuts of strain tout wan purely qualitative* toeing based 
upon <x, crinenta involving fee ''dropping of test speetaassa 
fro.1 v. *ioua heights oh to a wooden em\fr :•©*
ii l l  workers dealing wife ’ single crystals have commented 
on their extreme sen sitiv ity  to handling* V is sligh test
C M )jar appears to increase.the internal friction  ©oasiderobiy 
and It seems possible feat fee rate of application ’of load
fP 3 )
affects 1 „ - ‘-t of ■ internal fr ic tio n  produeea ‘ * •
2t cm  bo ocmeluded, tliexefore, tlmt applied ■ 
stresses increase tlie- internal .friction  o f : annealed net el 
■ ca :s c?04 i f  no ©bserrobl© p lastic derogation occurs*
‘If appreciable pl&etlo ©train is  caused the internal > 
friction  Invariably dearoaoos by room temperature aaasaliog#  ^ - 
If ao p lastic atrain ossms tto  Iaor@asa of Internal - 
friction  Is perm for cubic■crystals cmd transient for 
■liezagonai motels of low 'molting point* tlie carve of- 
Internal fr iction  plotted as a function of degree of 
straining exhibits a m&U&m for aacll amounts of strain  
providing tlie-nsa.sar©ns4ts  ar# made eon© 0011a I do ^  e time 
after ^formation has t  aei place# - Factors affecting the 
shepa of tills curve do not appear- to liara teen studied :
&$Z ^  **L 1 1 7 #
tS) i f  feet, of, fre^nonoff p f  v ibration* ■ ,
Studies of the offset o f ■frequency upon the.internal 
fr ic tio n  of cold worked metal hare been undertaken by 
several ta k e r s , including' &ener* Clarke, * ml S s i t f r ^  and ;.
( l v >flowiek # Hawick has veryconcisely sum rised the 
d ifficu ltie s  involved la' th is type of research^*7**
The main d ifficu lty  consist a of obtaining spear eis
having, the same properties wlileh are capsM s o f;vibrating 
at c l i f f  ^ j u t  fro ^icicles# P h is  d ifficu lty  appears to be
tier© pronounced in single crystal work# Haaiguti reports
m- m
that of sever#I crystals of copper produced la  the- sea© 
momer, a l l  had widely different basic internal friction  
values, mA the quantitative effects  of subsequeatiy, . 
working those crystals were a l l  entirely different*_ Duo 
to tlie estreaa sen sitiv ity  of single crystals to e l ic i t  
Jars, eta* largo crystals cannot be out op into different 
specimens a i l  having the same properties* Ivon i f  th is  
technical/d ifficu lty  wore .ovareoiBO mo advantage would ho. 
derived§ however, ©a difforest parts of the same crystal
very frequently have different internal fr iction  properties
(EC) '
- '>  . . .
■ long bar specimens mn ho vibrated transversely at.
their fim&anant&i frequency and at subsequent overtones
f ( 1thus covering a considerable frequency reage •IMW‘ *
Objections to this, method to the o ca of single crystals 
arise from the feat that' at each frequency different parts .. 
of too crystal ere being .©tressed*
Two-related methods. of avoiding these d iffic u ltie s  
have been adopted* ■ The f ir s t  consist© of esaMstog a', 
large member of single crystal • specimens aad * 1 ilyslng tho 
results sta tistica lly*  from the results of s*eh an
analysis Hawick; 1^9) concludes, that the internal friction  
is  independent of frequency variations in the kilocycle 1
r a n g e *
By o ploying,polyerystalline m aterial of small grain
sisa  a s t a t i s t i c !  approach ©an .Do obtained ultti om
specimen# £tobors of specimens out from a poly*
crystalline bar are for sere lik e ly  to give consistent
I 1results- than alng!© crystal specimens' ' j  better 
method is  to employ a ©ingle specimen vibrating traas*
vorsely at various frozen©!©©* Ibis' wthod was adopted
' { 2 B iby &enerf • Cler&e and smith' who found < that- ©ter tlie .
frequency r SOO»»X0*0OO cycles per' ©eeoad the internal
friction  censed by ©ol&^worklng poiyerystalline braes
( E a i  ■was independents ©f frequency ■ * . fills  paper e kaslaea
tlie importance of separating tlie internal friction  caused 
by eold^ wor&lng from that* due to ©Buses such a© inter* 
crystalline thermal currents* grain toundery- viscosity* or 
other■ roiasation phonoiaona* It is  necessary, therefore* 
to compare the behaviour of worked ana uneorked samples at 
each'frequency# ;;•„
1ho internal fr ic tion  of single crystal© i s  strongly 
as# lit Jo dependent in tho kilocycle range eirna at strains 
as lot!? m  10 f # f •% fate amplitude
c!apcaJoaoe,is more pronounced the greater the degree of -. 
ooM*tioxicina Introduced*. • flow iel^^ u tilise s  th is  feet  
m a. criterion for distinguishing between the internal 
friction  canned by cald^working and that da© to oilier 
factors* ia relates e ffect is  the decrease i s  e lastic  
modulus associated with the increase of internal friction
*» i 4  *»
at higher anplltiides of Titration#
fhia amplitude depen^ae© tea not b©on observed by
•I g.g | a .
worker© studying .poXyeryotellino siseoiaeas11’" #prevMi»3 ■
'strains, are kept below XiT5* ' flier© i s  some evidence to.
■succoat that til© amplitude dependence. of ain^Xe crystals
ia affected by the frequency of vlbraf icm.* being not so
prenoa ivcJ. at the low frequency ©mi of the relaxation - 
(S?3|•«# V *5* ®
' ' Th® internal fr ic tion  of heavily worked polycrystall*
Isa epeoimene Inoreaaes with tlicr period of oscilla tion  at
f ' {431frsypjaaoieo of t h e  o r d e r  o f  i  cycle per u r n o a i *
iil Wffeot of.. Xos?^ torner^ttr F»£2J -l 1 "r *• I im*
l!i© ool&»worts induced Internal fr ic tio n  can usually
be removed by low temperature names!Ing* fhia e ffect
CO)lats been oorapented on by Darcy " * zeaar* Olsrke aM 
;;r»Xth^^ and numerous other workers* a t e  reduction 
©f infcvmrl- fr iction  ©©ears at temperatures which da not 
affect the ln;rd:iocs or e la stic  properties of the sateriaX*
Eoater and loaent&al ; 'report* for.' osa^lo, tbat by
aaaeelins coI&*work©& slph© brass at 200% * the internal 
frlotion  was rodeoed to ,a  value as Im as that of a
specimen fu lly  annealed ©t 500°G» substantial reduction
la  hardness or isgproremoats in the- elastic , modulus- did not
occur at temperatures below 300%*
Similar effects are mentioned, by nasiguti and Hirsi^*^
«* I S  !-
' im eonaeofloa with the -©mealing of a single crystal of
capper subjected to ’coasidorable p lastic  deformation# ;
jilthor^i such; a distinction has never* ao tm m can fee
determined* been previously. drawn*. i t  appears, that the .•
efficiency o f «these lew teBipersture EimeeliEg processes
Is related to the. ccjico of . deformation previously -.
imposed*, i  good esamplo'of th is feot is  provided.by
cava resu lts.o f faaa4{M>. Kiosa refer to strained
single crystals, of brass* '■ Wm internal friction  of
c  ^^ tals ■ whieli had feeoa ©lor*' ted Sfl was only partially
re mred fey- 3 hours of heat treat Aout at 825%*; Converse**
\
ly  the internal friction- of a crystal which had been sub**
\
jOwtwl to ener&ensioa of 1X5 was halved fey asmealliai at
100%* for 15 trnra* . ■
:■ •. : ~ i*c and Eoehler^^ report that in ;order to remote*
the internal fr iction  o f ;. single'crystals of copper which ■ 
had been subjected merely to the sligh t stresses incidental 
to their-production fey the Bridgman technique* a mealing*
la  vacua at 530%* for'perlocls of teas of houxc la respired*
. a isc crystals recover at low1 temperatures c*oa when, 
no- appfe cleble- p lastic aeformatioa lias t  1 c i  plac©^*'**^#
■: to ,the case of cubic m etals,.however* i t ,appears that 
there la. a cr itica l 'decree of ©train above which the 
internal fr iction  can fee removed fey a low tempersturo ameal,
and below which prolonged aimealing at high tempersturea is ' 
required*
14) Relation L tr inV-rnal -friction" and elastic , modulus# 
Plastic deformation increases the internal friction  of 
a, natal and also retoees i t s  e la stic  moiains* Xfi tils stad$a 
©f polperystallina. copper* for ©staple* towsc®^*^. noted, 
that the stress which prod- o^i the m&Ltxm laoreas* of 
internal friction  also x-otooad tmng*B m&ulm to i t s  mXrdjmm 
value* ot&nst d**f*S tolew that of tlie mmealed Bateri&l* low 
tonpercturo amoaling which' removes the internal iriotiea  
caused by ©oX&*WQy&ing does mt9 however* restore the 
e la stic  m tolus to i t s  c*i* i* X value# * Partial' reoeverf 
©f the e lee tic  proportion ©©cups at the lower -temperatures* 
to t fu l l  reooverf require® to erafcures high ©a* ** jh to 
Cv. *,$■ ©ofteuiisg ■ of the m terial#
f;here a isuJw JL doorcase of internal m otion  after  
working-is observed* i t  i s  aooo. p Hod l |  a ginto^hl increase 
of elastic jaodalus# • • She magnitude of such a eliaiige is  much 
greater than that tlileh • would to espeoted i f  the effect was 
due pure i f  to the totheaatioal'relationship between internal 
fr ic tion  end resonant frequency* This effect was observed-
bf KSster ana xoocattel^# tot toes not appear to have toon
reported by other u  lus#'  ; ' '
■ Bead in 1941^ )  o&aoontod upon , the ©ha of resonant
freqmene|r with uciptitudo'of vibration observed with ©ingle 
crystals of copper msi 'ztm*' Similar effects have been
I lO  *>;?* f>'| |
reported sines th is period ■ # The effect does not.
appear to hmo hmn observed with pol^ryst&lliae &pmimm* 
($) *,f'£oof o* i on the 3 *^ fr iction  e^'n^d
t i t t l e  work lias been carried out on" this subject. 
E©^"  ^ t o . l930f m ttie result of experiments ©ado at 
frequencies of'about :i  cycle per soaohd, reported that 
internal fr ic tion  In reduced oy th© proseaoe o f" i&pdrit** ‘ 
ies l a  oolO-TOrfeei aluminium* : . Piffioultie©  oaooiiaterei 
to re uotog the Oocrcnonts of stogie crystal© of copper 
appear to-have be©n: associated with the high parity of 
the m a t e r i a l ^ * By intentionally aiding hyCxa^en as 
an Impurity to single crystal© of ©appear* lower values
of internal friction ©an be obtained to shorter ©naealtog
■ * „ (13«SI) ■ periods *" *
' E oehlof^^ la  114© ©mployai the basis ideas of the 
.dislocation, theory to calculate the effect of soluble 
iiapurities'oa the internal fr ic tion  oaiisoi by eold^woriciBg* 
His resu lts Indicated that "the mmimm effect o f snob ■ 
imparities wcrnli be apparent .in the a e ia a ^ le  rmg® o f : 
frequencies. ' la  tlie k ilo c^ l© ’rang© the iateraal friction  
would trary inversely as the s$u©ro of tbs'imparity concent* 
ration.' Other effects  might be expected to preiomimt© at 
low frequencies.
(6 ) X: rlntioa of eoli«worlc induced in ternal friction  with
 ^ ifiW.  ti j ■»)•, i., .jnffla- vti i^ Oi»<
f * ’ ’ v % i -! o ’ '"■ e *
The e ffe c t of m€h temperature variations om only be
•«p 1 8  - am
studied a t . temperatares fellow which low ttznyomPim
■mmwmtf takas plee®#-.. ' In this aonowlint limited range ■
■' C l9 * g o l-the temperature effect la, very marked# liowlek w 
describes ike results of experiments carried out on a 
single crystal of eoppor.&t temperatures la  the range 
•49 to -+1S3o0* X&ereael&g the temperature thrombi 
tliis range had the effect of increasing the internal 
friction. fcy a factor of appr<
Tim interpretatloa; o f resa lts  ohtalaed. hf other 
w o r k e r s  • .* **" l a  e o m p X ie a te d  h y  v i r t u e '  o f  t h e  f a c t  
tart heating was ooatismed up to temperatures high
enough to cause reoovery and# la ’ some oases * reorystall*  
Isatloa*
Ill# ■ of int irnal frtottoi o -ral..•sw* •*«-...................................i**...,..... _.......  .. _..      . _.-■. --------  ■ • -• ii ii n i ■ 11 i i i i ii ii ii ii ii 11 i i  <i mi.... . h i m'  mil Hi ii i» 11 liM'ftH i 'IT limrinri '»■<! i'if i 11HI ilfii
'i,'> ■
f t e  earlier attaints to explain.'the IficreasfOt
internal m o tio n  esnsei fey ml&**mt±ln$, were based m
toeorias of p lastic  deformation developed prior to the
Introduction of Wm dislocation theory for th is  
; ‘ is c t )  :mmm Eoseafiiiiiito ■ interpretation of to© hysteresis 
mud reoovery of ©^retrained mild stea l in tQtim of toe 
viseons beh&vlouy of c .orplwm s l ip  bands lias mm to fee 
revieuoi in,tli® ligh t of rmmt toeories of strain ageing*
as ty&ve'm&ny of toe earlier internal fr iction  researches
. { 4 * 5 * 6 * 3 1 1  'carried out on trsa end steal' *
Iheoriss relating to too coin work induced internal 
fr ic tion  are in gonoral' fee sod either upon relaxation 
processes toioh cm  be- incorporated into ^anar1©'general 
to-aary of «mela$ti©lty* or upon flow! ok* a hypotliesis of 
^simple11 or f,atatlo bpitoresisp* the observed factors 
which a successful theory imist fee able to interpret era 
as follows t* ' ’. '
(a) flia existence of a. maxtaun on too c* rro of internal ■ 
fr ic tio n  platted m a function of in*
(b) ^  jsifeto intopondonoo of frequency oimr toe range ■ 
Owa-ito,wO cycles per second *
(ol in  inverse frequency depen&e&e© at frequencies of the
order o f . one cycle.. par see out*
(0) too rapid decrease of Internal friction, with time 
after appreciable deformation lias taken place*
I©) to© rc i rkable of feat of low tempers tore annealing 
treat r i;s#
* - Factors which appear to be.peouXler ;to i i g i i l y  
• worked single crystal® vibrating ct h i #  nmole® 
Consist o f ® •permneat argiltvl® degeadone-e art e v 
decrease o f  e la stic  modulus with Increase of - .vibration®! 
cr >Xitude#
fto  principal theories ore briefly  reviewed under 
t o o  f o l l o w i n g '  h e a d i n g s  s « *
{11 Theories based on rolrr^tica processes#
Caj p-ssid a trees theories*
■ ( § s j  ■ * ■  ■
P t t c  p t u  w o re  i : do  b y  N o r t o n  •. ,  E o s  t e r *  a n !  
tosentlialW  end Eosbex^*^ to explain tk@ internal •
friction' caused by eold*w©r&lng in terms of the residual 
. internal stresses# It was f e l t  that toe astloa of a 
vibrations! stress* in  conjunction with the rm d u al 
stresses,., could cause a na&*elastlo. strain eoaposesb 
which would fee ‘su ffic ien t to account for too internal 
.m o tio n  of foe to observed# . ’ '
such a  t h e o r y  x s i # t  p o s s i b l y  account for t o e  ' 
amplitude dependent toaping capacity observed at h i #  
e t r e a a  l e v e l s *  b u t  does m% a p p e a r  t o  a p p l y  t o  t t i e  e f f e c t s  
observed a t  stress "levels.of o n l y . a  f e w  pounds per s q u a r e  
inch* a  further, objection t o  t o l a  r e a i d s a l  s t r e s s  
t h e o r y  i s  t h a t  lo*/ trg^ysturo a a n o a l i s g  completely 
removes t h e  cold work induced i n t e r n a l  f r i c t i o n  a t  
temperatures below those r ^ ilred  to eliminate internal
*  'S i  -
stresses *
■ 1 m  alternatives hypothesis based on residual stress
-  15 9 1
was actvafieei fey fieaer In 1930 * # This theory was
‘ based oa th© ilasigatiom of. energy ©aasod fey therm l
currents flowing • between areas o f differing stress
©aaoa&tratiou-during the jmaoesa of vibration* ' Analogies
mm fea drawn between. th is  e f fe c t and th a t of interorystalX*
las  In ternal fr iction  which i s  caused fey thermal currents.-
flowing tmiv/ooa areas of - differing stress duo to the
(40*41)©leatic  anisotropy of ■ individual grain© ' '* Tlxo
hypothesis* while capable of aooounting. for the' ir*r* iltuda 
of the e ffec ts 1 observed*''required that the Internal fric tion
should vary with frequency la  the sans irn n er as th a t duo to  
' In ta re ry s ta llln s  * *m&X currants* which was not the ease*
I t . ©1 so suffered from toe isane disadvantage as toe previous 
©aag in that ©onslderobl© internal stresses © till remained 
in the metal after low temperature ©mealing had removed 
toe in i ?rnal' f r io t i®  *
(fe) theory* '
• itaiy of toe e ffec ts  observed in  p la s t ic a lly  deformed 
matalo osm fee explained i f  ■ i t  in assumed th a t eoXS^wsrhing 
re su lts  in  the dispersion*, to ro u # o u t the ©i wti© matrix#
r ■ ' ■
of snail lo^iaoa frfiicli fcjStav# ia a risoaaj _ > _ 33?. CaoSt 
a too-3 0  v*»-icat matesial * 3 ,14 bsbavs HIsa a standard 
liaoer solid  it  oaly 000  tiaa of relcxaUoa csistsd  and tlia
srolc y : tlozi spectrum would: exhibit a atome? 3 tcr istio  peto* .'
*n I *;ortami • feature- o f : tfia two c^oia;® .c it conception is;
toe wlia xaaa&i &t m l n a tion  of feats ttiich'are possible,
however# as no. .restrictions are plasod upon the ©is©*
• (1*2)
shape,. ,02?- distribution of too dispersed vieootts - ' *
It. seems reaawW'lle*. ia fact* 'to >* Ose that, fib at aver' a 
the particular'typo of cefeot. straetera assumed to- bohevo .-' 
in  a-.viscous maaaor, i t  will-arrange I t s e lf  so os to 
contribute a wide distribution of differing .rel ** *lon
strei/too ami-tines tluia producing a ooatismo-as relaxation.’
. spectrum#'
.■ The 'general case o f. ^ e la s t ic ity , produced by a com**
.' ttauoua. distribution of reU u?ti023 constants Is di o o Ufe»se S 
Cl 0)by Eerier • In the few cases , where the internal friot*
ion due to oold. working .has boon studied at lew frop*-roles
(.£§*431■ ■ tlis ^rtoental-, results seea to confirm th is two 
c n orient theory* Thus* the internal friction appears to 
bo tolcnondont of amplitude ami has am inverse frequency 
dependence* ■ This type of. behaviour tsoitld be expected from 
s. two-pheso: system having a relocation speotnui. toe strength 
of which increases as ih i time of relaxation .increasos* and 
Is to agree: :c it with the predictions of earlier theoretical 
workers to th is fie ld
Possible arrangements of structural imperfections to
metal crystals which would ■ behave in a viscous manor and
■ ooaiyitRite a wide distribution of reliu:&tiea: contents 
are many and varied*. - Grain•boundaries have too regular 
a distribution,  ^ X contribute a wall defined internal
i >fr ic tion  peak * more likely. p o ss ib ilit ie s  are.
notwc ? e f ’GisXoo&tiem es postulated fey Frehk^^ end
coupled network© of .©lip femes in heavily worked.
m%®lB9 i *"1 the formation of oryat a l i i  tee fey f c g  * itation
£47)e© ofeaexved-fey , o^od ■ ' 
t o j  ■ ■:
E suggestion that the Internal fr ic tion  caused,.fey - 
plastic deformation i  ^ ine to vao&noy pairs wee mad© fey .
. ' f£51
Easlguti 'In X§53#... P lastic deformation produces line® 
of in te r s t it ia ls  and vacancies fine to tfee pus^ o of jogs 
formed fey toe intersection  of screw .dislocations* - toe
lines si vacancies rapidly dissociate into either sinale  
vacancies or vacancy pairs which are more stable* IS&slguti 
postulates that such, vacancy pairs w ill fee subjected to
rotational Vibration about an axis perpendicular to the line
Joining too too vacancies i f  the frequency of vibration is- 
soitable* Thus# i f  the specimen is  extended longitudinally 
too vacancy pairs w ill tend to lin e  themselves up with the ■
r
tens l i e ,  axis ©t the time of ten sile  stress, m&A
tend to return to m mis at right angles to to is at the
tim of mmimm es^ resslve'stress*  th is  postmlstei 
behaviour is  similar t o  that actually observe! ia  th© 
case of alpha brass, ftier® tit© effect is  due to pairs 
of s ise  atoms lin ing tlicsaseiws up with the tonsil©-. 
ml® of . the spoelriaa^^#
Sea©r*8 ©bservations ia  the ease of alpha brass 
wers in sgreaiQnt with a.’form ia for a ©ingl© tte© of 
relaxation hating an activation energy e^wai to that 
goTerniaf tlie rat© of diffusion of wine into copper §
; m information appears "to hat© boon published rbo't 
the ©etivetien energy "goteming th© ra ta  of diffusion of 
. vacancy pelra ia  .copper* ©1th  ^ h i t  has been suggested 
by S eitfc^ *  that the rat© of migration of vacancy pairs 
would be greater' than' that of single vacancies*
The mechanism'.postulated by Saslgpti would require 
a well clefIned relaxation pooh at a fmfaeaoy which would 
probably b® ia.th® kilocyclorahg©* Ho such peals, has 
been reported in the literature* 4 farther objection 
to th is theory is  that after a few hours a l l  the vacancies 
produced by cold working would hay® either diffused out 
or coniensed on dislocations, grain boundaries *t etc* * in 
actual fact eonsidorabl© internal. fr ic tion  remains man
f■
after defonaed specimens haw© been v c^l at rooa t  ^orstur®
for several years* 1 ,
& very grave d efect. in the vseumcy P$l* theory is  the
fsot that I t  Is based fundamentally upon the to&doaoy
of vacancies to aooosasod&t© t t o  th© ©hangs© 
of density piVv o©& by Icmgitudtaal or trsnsvors© 
vibrations* in torsional vibration when th© only
stresses to which th© spootom is  subjected are those 
©f pure shear' no voiam e&aaips occur and th is laoohaaisa 
could not ’possibly operate* fh© internal fr ic tion  effects-
induced by cola working co?©t however apparent whatever. ' 
Gofio o f vibration la employed*
A mmhunim deponding upon ttm preferential ©llgpment 
of vacancy pairs ©long the ten sile  asis wouli have a well 
defined relaxation strength which could M calculated 
from the relative size© ©f vacancies and steins* ,toy 
internal friction  oamsei by th is neohanlsrn should therefore 
be independent of the amplitude of .vibration* ftie internal 
friction, of llg n tly  work©! single crystal© vibrating in the 
kilocycle rang©-is greatly affected by the amplitude ©f 
vibration at low ©tresses* the vacancy pair theory does 
mot therefore account for the experimental data*
■(2) ffpwtolg*1s n Mechanism ofri s ta tic  Hysteresis*
tliie  hypothesis has been successfully used by Sewlck 
to  interpret the behaviour of lig h tly  strained single  
crystals vibrating etr loti aiaplitudcs In tho k ilocycle range ^
CO
S t r a i n
Fig* 1* lleehanical fcyaitrasis loop o f a specimit v&leb 
tofc*w« 6l&&tlgalXy during unloading*
It 4s based en tirely  u p o n  tbs dislocation theory and m
suscestioa i s  mde that energy ia  dissiyated a t  low
/
f re ^ e a o ie s  fey t to  &&m <Th& emspl&$& theory
im$2m
% & -g£vom ia  t m  o t  I*ewie&*s papers \ ta t  for  present
purposes a ferief review of th© i  p o rte n t' f  ©jatupes w ill  fee
given* • :■. • '
n  * I  llimotr&tes th© hysteresis  loop of a m ateriel 
tiiloti fee!immn e la s t ic a l ly  upon unloading* f&e energy 
dissipated la  oat eyol© la  represented fey th© area of the 
loop* In the ease of an a n e lw tle  m aterial the shape of 
the hyste resis  loop w ill .fee g rea tly  effected' fey tfee : 
ftojueaoy of wiferation* : At %?ery feigfe. fro^ono iea  there 
i s  so time fo r ■ re laxation  and the hysteresis  loop w ill fee 
represented fey the lin o  3QU At trery low frequencies f u l l
re laxation  ta le s  plcoa end the hysteresis  loop w ill fee' 
represented fey the l in e  H* ■ In th e ir  application to  ' 
th©rm©*el&©tie e ffec ts  fo r  example* those two conditions! 
represent © iia ta tie  aM iso th e rm l vibration®* Only in  ■ 
the interm ediate range when the period of o sc illa tio n
rtlct,K.«utton
k o ^  iss eoiaparafele to  the tin e  of eee&£ fce%ieft w ill the
hy ste resis  loop develop an-appreciable area*
In the ease of a m ateria l behaving in  accordance wiki 
the concept o f 'a t s t i e  hysteresis  the area-of the hysteresisr
loop w ill fee in o c lie n t o f the frequency of vibration*
I t  is  presumed th a t d islocations are loe&sd in to  certa in
<* m  *
positions t i n p r x l t i e a - o r  la t t ic e  ^perfections# 
th§ action of an ©pplied-forc®'a oertain proportion of 
these-ils lo sa tlo ss  are tom  loos© ,frcea-these looking 
-points.end motr© u n til they reach eaottor .barrier filled 
• eaimob.to eurcmnt3&» .. a B s i« ia s t lo  strain component la  
produced by the ssveaoat of such dislocations#. The pro*. • 
portion' o f dislocations tthloli era tora « j r  froa fhalr 
o rig in a l looking points w ill depend upon the magnitude of' 
the applied stress as w ill the averisge distance, iw ed  by 
them tofoite they become locked 01100 m m *
la  ardor that the area of the hysteresis loop -should 
bo.^pendent purely oa the aaslmna stress applied i t  is- 
necessary that the frepenoy should ho high enmi#i to allow 
insufficient time for dislocations to surmount their energf  
b a rrie r 0  by thermal ae'biv&tion, On the other liana * the 
frepoaoy should not ho so-high that the movement of'the 
dislocations from oao equilibrium position-to another 
carnot to- considered instantaneous*
I t  can to demonstrated that under these conditions the 
internal fr iction  caused by the Bsehanlea of sta tic  hysbor** 
eels  n i l l  bo ivepcnCD.it of the fropency of vibration* 
strongly dependent upon the assplitu&e of vibration* and that 
th© e la stic , modulus w ill eeorease m  the aqplitudo ofr
vibration in e r o a s e s ^ * ^ * ^ *
fha variation of internal fr iction  tilth temperature
m * J, m
tinder. Lm.o conditions om obviously not be based upon :
activation energies as-to rate processes are suppose&
' ' . Ct9i , "' '
to occur# The ezpl&mtion given by Kowlolr '' ia based
upon O o t t c o n c e p t i o n . of imparities forming
atmsptleres round dislocations# tmdcr the action of say
given applied stress the member, of dislocations whtcti are
torn loose.w ill depend upon tbs efficiency of the looking
processes# These loovir , processes w ill ia  turn depend .
upon the nu&ber of possible s ite s  actually occupied by
those Piasters of solute atoms# . The fraction of available
s ite s  left-unoccupied is  detenaiEoi by ft Boltaaaaa factor#
-V
e*^# flie number of dislocations torn loose by the applied 
stress w ill Uietefam. be' greater m the tmpemtmo ia in* 
creased because the number of locking paints w ill decrease# 
{31 Discussion*
- It seem reasonable to postulate that the mechanism of 
sta tic  hysteresis- i s  to some extent eampiimntary to the 
relaxation processes which occur at lower frequencies* f t  
high frequencies the movement of die locations can be imagined 
to contribute to the non?*-elastic strain component in the 
m m s  suggested by flowiok* thus leading to a marked 
amplitude*iepenteieo*
, t  lot? frequencies# however# the non-elastic strain  
component w ill bo' the sum of. that due. purely to the stress 
and also of that duo to the contribution of stress end
*  2 0  •
thermal activation# The In terna l friotloa moasiirod a;t
low f requenelea should therefore bo hicJier turn, that
* ^  inred to  th e  Id lu ^ o le  range* * n  s Is  unfortunately
ao direst exporteeatal evideaceooafirmlag tots'prediction '
as to  satisfastciry-isetho4 ex is ts  fo r  m um m ing the in tern  1
frio of aao mterial- over eusli a wide frequency range#
toe pheTOrjOTOloglcal behaviour of the s o l i  wortei
material at low frequencies w ill dy*;*a upon the fpoQetry
of the dislocation arrays toieti are, asatijei to produce the
non-olaatio components* If these om be visualised
ia tense of the previously eoaoidered well ■ dispersed isolated
regions which are completely surrounded by an elastic mtrS%
snelastio behaviour w ill h® observed* .
ot&sr possible arr:r.gem@ato# hot cier# could result in ■
*
.perjcaenfc aos^elastio strain ecupc ^ crb in vfilsli case the
#r,g|
material would btoairo as a Hawaii so lid 1** * * Both arrange* 
isents would lead to m internal friction  which would Increasei
with the period of oscillation#' although the'-effect would be 
move marked in the second ease#
■ The mXj experiments' deal lag with these aspects of the 
problem are. those of and assay who serried out creep 
tests to torsion to ' comple-ss-it their internal friction  
measurements* " toey found that the creep produced at lew 
strain was reeoverable whan tlie stress was- removed end
concluded that the imelastio effects observed were duo to
the coupled relaxations of an irregular network of 
in terfaces Cue to the severe cold working*' . Tim m m  
reoeat work o f , Batterldcof on the low stress 
torsional, creep properties of aluminium has., however 
largely disproved tti@ findings of K$ ia  th is  field*
■ ^uggejations that at very low frequencies the 
dislocations, Instead of being tom  away from taptsrity ■ 
atoms, taro time to drag these along, haire hsea.pit 
forward by /Johlw *1** and "ouletc links xtg
this idea with tlie phenomeEOfi of micro ©reap*
<
The whole problem appears to be the very general mm 
of .the relationship between dislocations and imparities*
For example a further suggest ion- by WmMk^4^ ^ is  that the 
drop of internal fr ic tion  after appreciable straining is  
due to the migration of dislocations to impurity atom# 
fills  conclusion was arrived at,because of the low activation  
energies associated with-' the preoesa* If such a hypothesis 
was correct the mmitude of the effect would be profoundly 
affected by the concentration of impurities* sim ilarly, • 
the impurity content would affect the ease of movement o f  
dislocations ami therefore the magnitude of the Internal 
friction  effects pro * cod for any degree of strain*
Ho aystw i t i e  attempts have bean made* however, to  
study the e ffec ts  of im parities on the re la tionsh ip  between
internal f r ic t io n  and degress of cold working* • fbia was
considered m  a major ohjest or the s>reseat research# 
l a  a paper which appeared a f te r  mob ;of the ' 
experimental worlt described ia  th is  report had-been 
completed*' H o w l e d c l a s s i f i e s  the internal frfetloa  •- 
e ffec ts  due to ooM tmrMng into th ree separate e&togor-* 
lea* la  the f i r s t  division tie  groups those e ffec ts  
referred  to  by him as soa^liEser# / These are tlie 
amplitude dependent o ffsets exhibited by irery llg it ljr  
* strained sing le  crystals irlbretlng l a ‘the kilocycle range* 
la  th is  c la ss if ic a tio n  Ifowick co llects  a i l  the experimental 
data which tea  so fa r  been Interpreted fey him in  terns of 
h is  theory of "static hysteresis#* .
The second category tea ls with what is  referred to m 
the "jg&ste? e ffec t”* wlileli i s  simply the rapid decrease of 
internal fr iction  md corresponding increase of dynamic 
modulus which occurs after a specimen has been subjected to 
cppreoiable deformation*.. • • th is  e ffect is  distinguished 
from the "nonlinear* effect because no amplitude depond©m<* 
has been obserirei and also because tlie internal friction- of 
li^ atly  strained single crystals o f cubic, metals'does not 
decrease at room temperature#
A third category which is  supposed to be entirely  
different to the ffest two is  that dealing with. a "vlscositj 
effect#11' fills  i s  supposed to be confined to metal fief or ofi 
to an exceptionally high degree# in h is discussion Mmi&k
I $ ^  \refers to experlaaat© of Ko and denar' ©m heatrily
iirswa aluminium ©ire# mo Internal m o tio n  of this
material increased raplSly tilth ■ tonporatur© according to
an itoealms equation thus explaining the ' viscosity*
Xu the discussion Howlch Interpret the so threo .
mechanisms in physical' term# Tim mechanism o f sta tic
hysteresis dealirig with the non-linear effoots has already
ham i i  seussed* the m aster o ff eat1*' Is explained in
■ . , . . \ 
terns of the formation o f  a sttto-grala structure which re-**
su its  ia  a lowering of internal friction  ©ad m Increase 
■of e la stic  modulus# the "visaoaity effect* is  supposed 
to he due to ctenso collections of dislocations but no de­
tailed  description i s  • given#
mis- ©hole system of c la ss if ic a tio n  seems to be purely 
a r t i f i c i a l  since i t  maintains distinctions between ©bat are 
undoubtedly closely  related effec ts  * mere Is , fo r e&anple*.
no reason why the e ffec ts  enumerated under' the ^viscosity1* 
heading should bo considered separately from those listed  
under the tor', .effect#* . mo i y!tsr e f fe c t ' i s  essen tia lly  
a change, of internal- fr ic tion  Im ediately a f te r  s tra in ing  
which Is  accompanied by aa increase of e la s t ic •soodulus* 
Materials which exhibit Viscous e ffec ts  ©a annealing also 
exhibit isotlice decreases of In te rn a l friction  a f te r  
straining# Ho corresponding changes of e la s tic  modulus' 
have been reported simply because measuromeats of frequency .
■ * * ■ ■■83 ,  ~
ia  them eases hate not hem made to a blgrenoug* de-res . 
of precision#
« > *flie disftootloe between tho nonlinear ani the le s te r  
effects appears to be s ia i i to ir  ^afeatiTt* -f&e most simple 
explanation of t?&y r  eaomry eocurs ia  fieforsei samples but 
not in, thorn f « y  l lc l i t ly ■ strained dopenas upoa tto  s 
vacancies produced iuriag appreciable deformation which 
permit iao:r@ rapid atomic,,r&tarrarg“* oats ia  the.former easet. 
ia  Tiea of the fact that the m&merf of deformed iron after 
straining ia greater than that of any ©ttier material which
11 V^L I
exhibits tbo KSbte? e ffect *' V the crriieaoo would seem 
to. imm%- a reccirerir process baaed oa an impurity looking 
jsoohaaisia ra ther than one depending upoa the formation of a 
sub-grain structure which Is m% rotated to the parity  of 
the- material*
sim ilarly, tho in te rn a l f r le t io a  of of on fory s lig h tly  
strained single cry sta ls  vibrating to t tm k ilocycle xm m  
increases with the tesgieroture o f testing^ ^  *
While tbs rate of increase of internal friction  with temper­
ature ia  those oases Is ml so marked ©a in the ease of poly- 
crystalline material strained to a men hi^ ier degree there 
i s  no evidence that it' Ib caused by m essen tia lly  different 
me *~im* ■ ■
** 3 4  ' **
tv. bbj of the <t< rc  ^:rvfc’iu
* rXa x;mk xim primarily undertaken to obtain nacre 
detailed In farction  about the a ttest of cold' corking'on the 
internal friction  of a ' rela tively  pure' metal vibrating at 
low frequencies* 4 Bf stu iflng tiie ©ffeot of 1 parity
concentration''on the relationship- between' the degree of 
ool# working- anil the internal fr ic tion  produced It was- hoped 
tq obtain Bmm insight "into the mohmiem of energy 
dissipation Involved# : ' ‘
•: attention wan oanoeatmtei upon polpcry&ta ilin e  
copper-as samples of. this"material'covering. 0 .wide, range of 
purity m m  readily available and the results obtained". 
would supplement those-of workers in the hi$x'fre%ueacy image* 
Opeeifio aspaots of -the general. problems about 'which i t  
was hoped to obtain a greater understanding were as fallows t*
(a),- the effect* i f  ".any* of degree of upoa the
decrease of Internal fr ic tion  which various workers ,
"had observed i  -* Moxateiy after- straining* •
(b) fhe feat of'degree of purity upon the a b ility  of ' 
lew- toAjperature; heat 'treatments' to remove the ' .-
• la t e r a l  fr iction  caused by cold working#'
(0) ■ -fhe rjetallurgioal"factors affecting the shapes of 
■ the curve o f internal fr ic tion  plotted 00 a function 
of degree o f  atrai
«» 3 $  *
(d)' fto  relationship between factors causing'ea iaoreaee 
©f internal ■• fr iction  and' those causing © decrease "
of e la stic  ’laddulus* ■ . . . . . . . . . . . . . .
i otImm of esporisiQatal mettioda suitable for the
of internal fr iction  In' notala hairo been
{P}
published W  smmnX  c £&olu£i zm&t' *
ilssstook^^ # Darlitig^^ esfict slegol^  ^ so that detailed 
consideration 0$ th is stags £0 mneoassery* studies at 
low imimmy are oaairealoatly carried oat with soso fora 
of torsion pendulum* the Internal fr ie tioa  being calculate! 
f r m  ttis rata of decay of tiie amplitude of iribr&tloiu ■ Tho 
period of o sc illa tion  is  adjusted to tbs desire! Tain© by 
attaching a suitable fora of in ertia  masbar to the free end 
of tbs specimen* ' ■'
; During torsional o sc illa tion  ©peolssens era subjected to 
purs elissr stresses and m mluma changes occur* Internal 
fr ic tion  o ff acta duo to moroaoopio therml currants ar© not 
encountered# i t  the low fre^uonoioa usually amplojr©I with 
th is typo of cpp^atus f il ia t io n s  are essen tia lly  isbthera&l 
with regard t o .interer^atolliaa thornal currents cmi errors 
due to. th is causa- can ©Isa bo neglected#
Considerably’ groat as* errors are lik e ly  to be introduced 
by Inefficient o;aarstnsf a s . the background energy loss of
iBOst torsion ponduteis i s  rattier liiglu Cott©l« l&tvihistl©'
asa iliompsoE in  194# showed that by using a suitable
to s im  Of apparatus b&o&groimd energy losses could bo.
reduced to a very law vslu© so that masurei values
of internal fr ic tion  cojsspqred w ell with those determined
at hlg&. frequencies by physic®! methods* ,
fofsioa'p®!ictului30 fe®7© ..booa OesorlbcO-'-by n'^orouo
workers, since the above pager appeared hut Irn:m  case/ ■
has tlio residual apparatus loss leas reduced to  such low ;
5 /\ 1441 ..
values# , ffie apparatus originally described by ice “■' i s  _
well Immn aad tea been ;ajuployei iy  riatiy workers*. ' She '
background energy lo ss  of th is type of pendulum corresponds
to a specific, leaping capacity in the region of o*i;S* ' in  ■
improved version of It!1® epperatus* described by
1950* bad ® residual, energy lo ss  of 0*024J* Itio residual
(51»60lenergy losses of the Otetreiiard Mcro^pehOulum appear
to bo of a similar order , o f magnitude#
/* study' of the literature dealing with the- vibrations 
of copper ©sasurei at high fro jnoney by physical methods 
showed that typical damping capacities were of the order of 
0*01 V: ihoy vcr*?* therefore* about mm«*tenth of the 
residual leases .of the mm type of pendulum and about half 
of the residual loss of the Oheveaard. misro^penduluia#
I t  became apparent* thereforef that, in order to 
achieve satisfactory resu lts an apparatus .having a residv 1 
energy loss lower ttep 0*03# would have to be constructed#
1 detailed desorlption of the equipment fin a lly  evolved
giwem ia  .the tmsM ion*
11)1  ^ to# ©f rt-rrtrin'!*
la  a study of th is  type i t  was f e l t  that %h® pla&tlo 
aefo trioa should be applied la  ©a fundsleatal a fashion 
as possible* so that esaotijr equivalent strains ©euMist 
applied to speoi^ms of vnj stop® or -else# I t  was. a lso '' 
desirable that m saxvem ats  of Internal -friction should be 
0ossaeEo©i as asm as possible after straining \ blob m m t  
that the . speaiaen s lm ld  preferably b© strained.In s itu  
after taunting ia  the apparatus* • .. .
d e s s  objeetlires were attains# by errangias tb©, 
apparatus m that speolneas were strained in. torsion after  
they h*d been seeu&ely iHQuated in. theaasoliin©«- f^easura^oats 
could be eomonoe# within a few Mantes of straining eM by 
r.oucuring the de^e© of e s la l tw ist iopese# the surface 
shear strain could be readily calculate#*-. Basalts obtained 
ea specimens of any length or dim eter were 'thus d irectly
r further advantage of th is trethoi of straining was ■ 
that i t  results# in a negligible change of speoinen 
Ohangos in the frc.paonoy of vibration were On© entirely to
changes i s  the ©lastio properties of yiie speoistan*. . Ilia 
warlatloa. of e lastic . isodalus oirer a Tory wide rang© Of 
strain -could therefore la  readily obtained by EieasarcLiertbs 
©a a single-specimen*
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Fig*2# y.'.'.Sectional view e f  torsion pendulum*
Gamut:,actional to ta lis  of the 
la - t i l ls  research are . illu s tr a te d  in  fig*  %*■ '. & photograph 
©f the t x ^ l s l s  #L|mlfw,c-it i s  given la  fig *  ®#; Fig# 4 
shows the in ter io r  of ths apparatus w ith '© sp e d  jn jnouated#
. She apparatus co n sisted :eseonti&Xly of a heavy circu lar ; 
■'Stool hasa plate‘1 , to which was attached.-the .rigid stool . 
bridge 2# . f i l ls  imombep was fabricated’by welding
from f ?r tail F  0 fc0 O 1  plates and was firmly holtod to tho-- 
has© plat©* th© specimens $ were secured at their upper 
ends.la the flange 4  wtiioh was bolted to ‘tho-under otirfaoo 
of the bridge member#
ia inertia msnber S; was secured to t Im  f m ®ly hanging 
lower end of the test' specimen# m- circular disc m m k m  is 
•shown in fig# 2 * 1m some of the later a
different typo hairing subsidiary weights attached was employ* 
el* • fhe oapplet® apparatus was mounted on two longitudinal 
RF  section baaaa which-were la turn bolted to steel plates 
bedded Into, the .surf©oa of the two concrete hlochs ¥* flies© 
had been, cast directly ©it the concrete floor of the laboratory* 
.spool 5"*ni were strained la  torsion* after-being’mounted
ia  th© -apparatus* by the torsion bar assembly 0  which p m t  ^  
through the Wilson seal 9 wonted ©a the same axis as the 
■centre line o f specimens#' fhe tarsi©.© bar was rotated :by

m j  . «*•
lin&u oh ism, 10 which was la turn mowed by the 
serew .©p©rated uXMolX* ffeis srr^njauont poaftilttod
axial twists op to € maximal of IZ° to ho iispoatll upon ,: 
the spseMeiu . f  ©r g ro a ts; amounts of stasia  the link ■
10 maa iiaoomeotad frosftfe® s lid e . 11 and rotated by hand#- 
_ .Oertain espeots of tfe© design of th is ©training 
m&htmim mom &m to the faot that I t  fe&d originally been 
imtr m l to mao i t  for If 19 .dual function © ^straining a»§ 
of sattixiz tho ©peelmea into vibration* - fo r this.purpose 
a small ateaiy bearing was isoorpswmtoi into tfe©. top end 
of tlici torsion liar# " the torsion bar. woo p * hod up- •
th is  heartas engaged with a spigot turned oa.tfee.lower end 
of t;0  to s t pieoe* ■ ftie tie-owing was retracted afte r .tfee 
specimen feed been twisted and sot Into vibration fe.7 tfeo 
pin 12* .
; fliis arraignment mm found to fee. tmworkable. because 
the centre line of the speelnen■and tbe torsion fear could
not fee mdo to coincide* ' With specimens of the also used 
la ' those espofimauts torsional vlte&tion imposing a surfa.00 
shear ■ stra in  o f  m t  m o m . t h m  10**^ resulted in a m x l m m  ■ 
movement ©n tho periphery of the Inertia  member of only 
0*0025*** . In-order to-avoid introducing transverse 
oscillations of comparable moiyiltuda* 'therefore* i t  was ■ . 
essential the centre lines of .tho specimen "1 torsion
bar aiiould coincide within limits of tfea order.of OfOOOdrV.

K rJh. socur&ejr could m% ho - attained oral a fte r a few ' 
experiments rhlo ©oho.'S* was abmJhnow* ■ ; - ■
I t  was found t.s, t by u sirg  two small el©0tro^uageet0 ' ■ 
a vory -gontlo ana symmetrical twisting action Introducing ■ 
no okr^rva'blo .bending m  mats oaald'fce obtained# :; /  o :;- 
pole faces' o f those magnate. wore situated' © tm t: If1 from 
the cen tre-line  o f ,the two mild ©tool' pegs mu the .in e rtia  
meaner* -ftieso pegs*'^ilofe-wero dl& ostriaaily disposed ; . 
also acted aa supports fcr  -the mirror block©• vliioiv were • 
of-bcski gnotio a tcisucss steal#
■ ftio magnet windings :wora ©omiaa-ted in  se rie s  m l I ■ 
current was as::piled -fraa a potentiometer c irc u it  s itua te , 
outside tlio apparatus#' . With th is  ©rraagosmt t !m current 
could he I Al ?  from sera  u n t i l  the desired ;
degree -of tw ist had been, lo o se d  upon the speeteen# ■ H ie 
current was than owl tolled off* thus allowing l i e  epaolnen : 
to  Vibrate# • Cimipuxa and h is e escalates^ **7^f^wid tlm t 
tlia 1 '" t i a  m l o m o  m o h m l m  of a fo p f l fo r ts  type of 
' mOhine Introduced a largo lo ss  of ma$l i t ’Oo during tit© 
f i r s t  h a lf  cycle ;cf vibration# " Sffeat th is  off eat was not 
noted in the proaont was probably. duo to  tlio
foot th a t the magnet-polo plooes wore situa ted  a t  a. co n sid e r 
able di*. # 00 from the v ibrating  m m . bampisg. i s  ■ 
usually. osaooiated Tilth the movement of s too l or Iron in  a
jaagaetio fie ld  because of ncoroscopla eady currents which ■ 
.tend to shield the m terieI from changes in  magnetic fins*
■ 11th the of *uv»ot3 eioptei la  the present
apparatusf however* the residual f ie ld  le f t  after the 
current M i Men interrupted m at have besa very weak# la  
addition the ©sol Hat lag movement of the stoo l pins was 
negligible compared to the distance sepssrating them f m  
til© m letlo  polo places* They were* therefore* vibrating 
essen tia lly  la  a uniform sagaetio f ie ld  so that macroscopic 
eddy currents would sot be se t up’ and no spurious internal 
friction  effects  caused*
the -apparatus was completely covered with the stea l ( 
b ell jar (M) having © machined flange resting on the doable 
vacuum sealing rings shorn# This b o ll Jar wsa provided In 
the front with a plate glass window throng which observst* 
Ions of the vibrations of the pendulum could be made* The 
complete m & m ibly was evacuated when required by the single  
stage mercury diffusion pimp (IS) which was flange mounted 
directly under ‘the Ms© plate* th is  pimp* which had a 
speed of approximately.80S li tr e s  per second* was backed 
by a smaller one having three' stages which-\ a connected 
ta the rotary oil' pump# ■ Pressures in- the vacuum chamber 
wore measured by a oicoi. satige* then. the furnace was_ 
cold pressures below ©aa micron wore readily obtained#
0 - 1 + 0 -
\ hen tli© f u r n a c e  was being hosted mp degassing took place, 
and the pre*^ c©'occasionally increased to three 02s four \  ' 
microna# "
• V
V a c u u m  fight Insulated terminals were provided la  the 
base of .tho. apparatus so that olootrioal 'eonaoatlona could
bo m&o to the furnace# toeraooouplo# ■ and magnetic op©rating 
d©VXCOS# . •
|b). FnmaS'm Form* '
The dimensions of.the ©t&adard speol?ioao-©ployed are 
gif©n la  f  ig# S# The. portion ©otuelly tmder test had a 
CP mgs length of end 4  diameter of OJ.^awv  The long 
parallel sliaaks were .re&uired so'- that, the gauge length of 
the speeineas could ■ ho situated la  a zmm of .reeso&sbly 
uniform temperature in the .annealing furnace# Hisring ' 
vibration the maxima e la stic  ©hear ©train energy stored In 
tli© reduced portion of. a wpmimm of th is  form i s  approx 
insstely 150 tim e that stored in hath the parallel aherte#. 
Errors due to energy dissipated in  the shanks could therefore 
he neglected#
.the top end of the specimen was drilled  to accommodate 
a chrome! ataael. thermocouple#, the Junction of which was in  
close proximity .to the specimen gauge length*
Co} method of gripping smeotean# •
Particular attention t ro paid to  the method by which . 
the specimen was gripped* fhmpson mpA h is associates
had reported^* tliat grip losses mm  a major -soure© of
error i s  apparatus of tills  type* • Hi. the .mothod they • ' ■ . 
f i n a l l y  ad op ted  o p e o t e s s  h m iM Q  a ta p e r e d  Gk&& w ere  
employed* ftiese ehaiilss w©r© ■ shrunk i s  liquid esygsa and 
thea rapidly inserted Into a tapered eocteot wiish gripped 
■them firmly tb m  ospanaloa--ooourred* The nsthod was -very 
aitraotliro i s  priaoiple Mb had the major disadvantage that 
spooimmo had to-fee destroyed to offoot reaoiral*:
a s e o t i o a a i  ¥t®w o f  t h e  m e t h o d  o f  p i p p i n g  a d o p t e d  i s  
the present research, i s  gi?ea i s  f l i*  6*. S p lit s tea l 
b a s h e s  h e t r i a s  e a  e s t a r a a l  t a p e s  o f  8 ® ;® o r®  ' f i r e r a  l a t a  a  
o o r r e s i v  i t i n s  t a p e r  laaoh ised  i s  t h e  j s m n t i m g  f l a n g e  b y  t h e
two ©e: ewe sfeew% thus firmly grtppi&g tho parallel BhmtB 
of the boat pieoe# fliis;. arirasossieat was, tery e ffic ien t . 
sad did sot appear to bo responsible for any measurable 
energy leas# It waa adopted' i s  preferea©© to the expansion 
method primarily bosause speoimeas eouit fee easily, removed 
wheasver neoeesary* another advantage was that i t  enabled, 
epeel-icaa hairing parallel shaz&e to bo employed* D ifficulty  
laad boon experts,'lood in mohining eeemrate tapers os the 
sliaste of lo ss  ©leader ©peoimons of th e' typs used ?’ *, 'em 
parallel shaah toot pieees ©mild be readily produood#
Espe^lr;e:i^s were else carried out in eosmeotion with 
a settled of p i p p i n g  demised by. the Skefeo B a ll-B e a r in g
Ca^aay# Thl.&. technique lies bom deaorlbei la  the 
Tcebniool preca*68* * end eQLtho * j* being: increasingly
employed by in&mt&f km  so far not been applied to 
laboratory practice* I t  consist® essentially of the 
attain, oat of Interference f i t s  by.the Injection of e l l  ' 
at h i #  pressure between the mating surfaces* , Friction 
between the contact surfaces is  th©ireby practically  el** 
imlu&tei and the , parte can bo assembled using forces only 
about one percent of ttoao which would m'sm&Xlf he re* 
iplroi# then tt10 pressure Is released. o il  is  forest out 
of t*a Joiht ami the origins! fric tion  restored* fhe 
coefficient of fric tio n  of jo in ts .mate ■ in th is maimer, is  
the same ©s that-Of 0  ^I aces which. hare beea ^hruah 
toother* By injecting o il again the covenants- can 
readily he aep&rated*
flie <xgperi$onta which wore made using th is teohai |ve 
S'O&od that i t  was of great ralue I f  properly applied* . lb 
was imm& that the bapera on the specimen attains had bo bo 
tery accurately machined la  order .to re ta in ’the oil- procure. 
I t  was necessary also to prowl is  a eerew*out spigot on both 
©mia of the specimen so that a nut could be used to draw the 
baperot shonhs in to  position when the e l l  pressure was helms 
applied* ' ■ ,
■ Insufficient time was ©yailafcle to pursue these e^arim*
r "
eats further $ but i t  is. 1 that la  future- worM*
mi
iM :
.■aectlonai view of specimen and furnace assembly.
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p a rticu la rly  to  ooimeoitoa with m aterials of low in ternal ■ 
frio tloa*  the method omild be p ro fitab ly  amplopo&n '.
Id) ? "'n co*
m m t m Q t i m m X  details of'th© furaaaa ^ lo ired  for 
e a rrf ia g  oat low toe ^ orrtaro cnnoaltog tre&tooats to s itu  
era sterna ia  fig* 7* ' fto  furaaoo waa sp lit  loagitudltell^  
into two halves so to st It eouli bo ©©ambled without ilsM*' 
turhtog too ‘speoto&u • to us© i t  v m  e la^  o& round toe 
top wonting flange as isliom ia  th© diagram*
■’. &lno© t t e  fttraaem had to  operate to  iraeuo m  toem ai 
insu la tion  was eaplofoi# ■ fhe outer eaim ister was of 
©teaiaiina sliest to  whioh iter© welded too base end top .' 
partitions#  . Inside* and suspended from to la  m m i s t m ,  
u s  mounted a sea t of ooaoontrio polished rad ia tion  ©oreeaa* 
too inner soreea tr o of s ta in le ss  s te e l  and too remainder 
of eitmtoitim* t t e  beater assemblies were fabricated'1 frs a ' 
alumina ooaent and f ire d  a t ISO0 ^  * Duo sp ira ls  of
aichrom© wire were, inserted  in to  s lo ts  moulded in to  to© 
imm tmm of these two .rofx’aotory formers* ■ In use toe 
two te e te r  windings were' eonaeeted to  series* toe  eentre 
seetioa  of too speataen was heated by d ireo t rad ia tion  from 
toese niehroao elements* '
too to or&tur© of toe ©pea torn was measured with a 
Chromol i* e l  ttermo^e^upla Inserted tlmrnc^ too stool
**-
bridge to the bottom of t&e hole drilled in the top ehesfe ■
of the testifies®#
Ihrellr&nsr? € / e^lrm ts m m  u&dertdtea to compare 
the actual tomswster© at the gauge length of the epeelassi... 
with, that measured by the top thermocouple# A special 
■oopper test«*pieoe was tisei for those te sts  hairing ea extra 
thermo*couple hole drilled  f^oa the bottom up to the ©eatre,, 
of tli© w go.length#, ' file tonp©rstur© at the centre of the- 
eposium could therefore, he compared with that measured by 
the. top. thermocouple trhlle .the furnace temperature was 
being raised# 4 . pressure of $»3 was matataiiisd
during the pre-^sa of those tests* ’
..' i t  was f© ml that with high ra&c-i of. heating the centre 
of the Bpmtmm oomli he; as moh es S0° hotter then the 
temperature maaured by the top thoxno-couple* f it li  floating 
rates of the order of §0° for hour the difference between 
these two ta.p^votureo did not exatel 3° at 1 0 0 % or 10° at 
200%*
Besting. Sates nonaelly employed wore approximately 8 #  ,
per tam* and ©peatoms wore hold constant at the h l^ e r  
temperatures * ' Since a Mcfi iegfoe of preoisisn woo 
uaneeesorry in the heat treatments carried out* m  attempt 
was made to correct -the measure! temperatures -1© those 
actually existing at iao oentre of the ©peatmen* ■
fh© transfer of heat from the furnace ©lutings to the
spoaimoa* sine© I t  dopoMed purely m pm  radiatloitf was a 
00*jL*4<**at i m t t % ® l m t  pm m & B*  Fartb® T m m  t!i@ te a t  flow 
:£ro& tixo B p m im ti  tM m k %® the r e s t  of t&« apparatus was 
eoasiOcjxM©* flioro «a& 'evidesa i to i - ast that taring 
.Hit coarse of an eimoalisg experiment Is 4 fm m m o  w in tin ^  
© t ta te i  relatively Mgtr t ^ - e r  stares* S l i# ^  l l a e t  
deposits o f evaporate# &®t&X were fr©%u©ot!y iaotico4 on the 
aarfea© of e;peelseiis'tiiea the fumae© was i t  u¥Oi after a ■ 
tieat fruulnewt ho# been eayriai out# these deposits coals 
■be e a s ily  wipe# sway oM; did not of foot the eeaguiel In ternal 
friction of the spoclnen*-
Co) . rOr:av?.*H»>^i,t Ltof the p /VHiPnia of Vibration*
file amplitude of iriteatlom tms ■mmva*e&: optically using 
e .plana 'alunlnlsed mirror attached to' the inertia isamber as 
shown in fa©'mirror was iionstei-on one of tho
steel pins upon wMoh the ©leotrc^m^tncts o p e r a t e d *  " 1  . 
blacic of identical also 8:M wei||it was c*d nte& on the other 
pin -:so as to - p r e s e r v e  .the ®$mmtry of the Inertla member end 
suppress any tendency towards'the formation of onheiilsry 
modes of v ib ration  in the s p e o l s i & w  ■
1lih &peolnon& of tlio SiTOasioaa aSoptoi a surface 
shear s tra in  of 10*® corresponded' to  ea angular ro ta tion  
of 0*O£5°« l a  order to noosur® angular ro ta tions of th is  
order i t  was found aecaosary to use a  modification of the
A r c  o f  R o t a t io n  
°<= p e n d u l u m  \
Kn if e - e d g e  P r 1 s„
m
I
!
I
system* , Ths mthod adopted is  gtirm 
di&grDK^atioaXly' in  f  I§*S ©nfi Illustrated in JFif|*t» in
toa03  o f the lUuninated knife edge i s  reflected Mole froa 
the plan© mirror on the- inertia tr* tar e&d then Jjitereeptod 
.fey the prism so that I t  ©ea bo ofeoarrei mlth the microscope 
. shown* ■; then correctly .edJusted r   ^ k n i f e  edge divides the 
f ie ld  of view of the mioroaoopo 41© jstr iea liy  into ferlgit 
ma iarls seett©^* Y lteattai of the specimen causes the 
. bmmMtf feattfoon - the bright ead iarM sections to o sc illa te  
across the f ie ld 9 thus peimlttir^ the t**?lltude of rlferatlom 
to .fee nerrured wltli tm eyep iece  micro./* ter*
Xt mn fee shown that with an arraaon::mt of th is sort,. 
aoreEiont ©f the toage of the knife edge t&. purely a 
f  ^ tto n  of the angular ratattaa of the mirror*. It is  
liuo* *hdest of the-distance' between the mirror,end the knife 
adgo ani sis© of mf tpo&OTerse movement of ...the tost^plooe* 
fix© r- ataa w s^ calibrated using o subsidiary 
4, a microscope* This was attached to the has© of
the. torsion pendulun end focusso! apoa a gr&tloule which ■ 
was wssol to th e . periphery- of the Inertia ©cial r^* Gal* 
iferation of the auto*eollta&tor was' echieved fey twisting 
the specimen gradually with the aid of the eieetro^i^gnots ,s 
end tchlng ©1 raltaneoue reodin *s with both t^croscopes*. 
f u l l  soul© deflection e t the eyep iece of the auto*-
collimator corresponded to a shear*strain of
Pig* 9*
Auto collimator mid pendulum assembly
and strains as law as could fee--
accurately measured* ■ Wh© complete assembly was- - 
f itted  on glide r a ils  so . that the sow it  of speeineos 
subjected to increasing amounts o f -plastic strain could '
fea readily followed* -
■ Figure 9(a) i l lu s tr a te s  s -* typ ical logarithmic 
dosaf ! curves which were-obtained using th is  apparatus* 
fhs data represented re la te s  to a sample of phosphorus 
doxidised copper which had been subjected to varying- 
degrees of strain* The.linear nature ,of these curves -
indicates an entire absence of- amplitude dependence for 
surface shear strains r*t-.least as high as 1© .^*
,ff) > -. r  ^  ^ op a^noy of.^  Vi brat ion* .
Changes of.the frequency of vibration, of the 
specimen wore i * cured •■ using a method which. i s  believed' 
to fee unique in th is  ©oimeation* /* compound pendalun 
{shmm in was mounted In front of the observation
window of the feeXX-jar of the apparatus* Its  boh acted 
as -a shutter for the lig h t feaso, from the eutcKeollimetor ■ 
to the mirror on the Inertia member#, the pendulum bob 
h&4 in I t  a i ff diameter hole* which was just large enough 
to permit the passage of s beam of ligh t when the pendulum, 
was stationary*
Tim period of the oarmo.md pendulum was adjusted 'to
r  .
&:ppvQ&lmt&. closely to twice-that of the torsion pendulum#.
Fig. 
9(a) 
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lU ie a  b o t h  p e m u l m m -  w e r e  v i b r a t i n g  s i m u l t a n e o u s l y  t h e  
f ie ld  of the microscope was iliu s in a ts i only tot a brief 
interval during esah vltrr; lien* The gn  dual progress of 
til© image of the to ife  ou^o morass the fie ld  of trlslon : 
eomXd t h e r e f o r e  be readily -followed* . The' intarrai, 
between successIt© passagss la  the.seme direction, of the - 
image of til© I*lii lfe* 0 -3ge serosa the. centre saro position ©a 
the @ye*sieoe scale was.l & v e r e e l y  proportional .to tho 
differenee la  frtriiionajr of the two pnticluXtims* This time 
internal could he e c o  e3 te ly  - & u ? e &  with a stop clock* 
- i . e e u r n t ©  d e te * .  i n a t l o n s  o f  v e r y  s v d i  c h a n g e s  i a  
frequency could bo mads 11 sing th is  t e c h n i q u e *  ' The freq­
uencies employed-; in these nspsriisants were In the range 
X«*g c y c l e s  p e r s e c o n d ,  e n d  t h e  c o m p o u n d  p e n d u l u m  w a s  a d j u s t e d  
s o  that the time internal between successive coincidences 
was of the order of ICO seconds#. Vr.or these conditions 
of adjusteant, 'a frequency change of 0*05,1 represented an 
alteration in the tine internal of about fir© seconds which 
could fee oco.urately Baaanrai*
; ra e ffec t i re  lim it to the eo n s itlv lty  of t h e  method was 
imposed by the decreasing amplitude of v ibration  of both the 
compound and torsion  pendulums* ms the amplitude of the 
c o m p o u n d  pendulum decreased,its ' freiueacy a ltered  s lig h tly , 
so tha t ip  order to obtain consistent re su lts , measurements
had to fee aaio with the compound pendulum always vibratln
mer the S8&© amplitude range* Tills a&sht'• ia'prsotie© : 
that tim® intervals festweer sucoeasive coincidence® . •>, 
greater than about 4 nimrtes couM mt fee effective ly
•u tilise#  ■ i t  wbb estimated that tlie inosstireuieats mad®
lining this method were coeur&ta %o. within lim its of £&»C£/*»
Cg) i&iisi h i-agy loss of
Tests oa-a material feeviiig m inherently, low Internal
fr ic tion  were earrlei out, -in order ta permit a reasonably.
accurate assessment o f . the residual energy lose of the
aigcumtuo to'fee ■ The ^arlai selected was BH50*. '
The £o_.piag capacity. of worial had been studied fey
C37ir^asfcocli. »d maf and aim. h:j co.ttol, satwistl# an#
{ nn
Thompson * It was f e l t  that a ro&sonably accurate ' 
'csetlmt© of the saparatiis loss ooull fee arrived at by ■ 
comparing the measured value of Internal fr iction  with the 
values *sported fey these warhero# ' 4 ' rtumiBff specimen- 
turned from a'., fear of fu lly  hoot^treated material was tasted* 
The frequency was 150 cycles por minute and.surface shear
. ^ . e i  ’ • . • ' ■
strains of 10  ^ were mt 0 mmclad# In th is range the
Internal fr iction  was found to fee independent of amplitude * 
the foiiewing results ■‘©ore obtained:*
ZhT?rhir IZ IIZ :E ^ ^  -
700 mr '^g 0«009& ; .'
'#»:5 *lb 0 • setup,»
T h o m p s o n  o - t * .  a l * . " '  V  r e p o r t  a  v s l u ®  o f  0 * 0 i 2 ; l  f o r  
t h e  s p e c i f i c  d a m p *  w *  c  * >  c i t y  o f  B H 06 *  T h i ©  d e t e m s i m a t l o f i  
t ? t s  t o :  f e  o n  e  l o o c M n e  h a v i n g  a  r e s i d u a l  e n e r g y  l o s s  o f  
O*0O4t*. t h u s  i n d i c a t i n g  t h a t '  t h e . t r u e  I n t e r n e l ' f r i c t i o n
{57
w a s  i n  t h e  n a i d f e . b o u £ h o o d  ; o t  0 * 0 i f  •  * i i a m t o o k  - a n d  ,  y  
t r f i o  e n p l ^ s J l  a .  p l i y e l o s l  m e t l i s l  r e p o r t e d  a  v a l u e  o f  0 * 0 € w  *  
ThoB®.v a l u e s . C o n o r r e - w e l l  w i t h  t h e  d e t e r m i n a t i o n  o f  0  # 0 ~  C O  
m a d e  i n  t h e  p r e s e n t  © s p e r i a o n t ,  B ’  s t i n g  t h a t  t l i e  r e s u l t  
o b t a i n e d  w a s  f a i r l y  a c c u r a t e *  .
/
I n  r t m  o f  t h e  t & e t  I x m t  ' t h e m  determinations'had b e e n  
jmM on e n t i r e l y  d i f f e r e n t  b a t c h e s  of m a t e r i a l , t l i ®  e ^ e o m a n t  
o b t a i n e d  w a s  r e m a r k a b l y  g a o l ,  a n a  a f f o r d e d  c o n f i r m a t i o n  t h a t  
t h e  r e s i d u a l  e n e r g y  l o s e  o f  t h e  a p p a r a t u s  t m s  n o t  f i l m i e r  ■ 
t n a n  ■ y # v  w  *  a
15) MaterfF45...IIsoi^;
. I ^ p e r l m o n t o  w s r o  s a l s  o n  s a m p l e s  o f t  * li g i t  a h  c *  or* 
M g l r p u r i t y  c o p p e r * ;  a m i  a l s o  o n  c o p p e r -  t u b e  © o n f o i m l n g  t o
f t i t  r u j «  i r p a r i t i e s  l a ' t h e s e  m a t e r i a l s '  w e r e  a e  
f o l l o w s ! * *
-* 5 4  *
i>10 \U t ■
* -fflK*
TomJ l  p i% o h  
. Ooyweg*
O.OO*
o * C'a m2
Of w 0 5
< 0.0001
0.U00C5
, * S% ^  ih |SJ # w
C * v Co
o»ou?
^ 0 #WwX 
0 # UOOl 
< .0*0001
Trace
. SfSwcj **fc ,*<*I*U> e*> *«<
fl
IU h ,  *elty
w >
#%  t-  # * « f tV# WS# \i‘in
fy s« *“
V '  <1 V  :s ^  > w *«r
0 # O (#vl
V ♦ 00 v l
il o horns 
decAid!sad 
c * '
o»0wa £'
0 *10’Ofj
< 0 .0 5 ,  U
V  *  OS
v * yv&
0 *U0O
<  0«0C0l 
• G.UOvS
4  y«ooX
■ 0*00-5
o#
y * o s
0*053
C*0Q03
0*000:15
O*! 
0,0081- 
?CViC3V # ' V
■ IlatalXle topnritiss were determined spsotro&j.-' hlaally
and tir cm imlm i&tha&u .
TfiO Cough pitcj. ecaper* originally  in the la m  of IM* - 
d i a m e t e r  b a r  w as  u r n r a  O iw n  t o  X X /X 6 **  d i e *  r o d  f r o m  t& le S i  
t e s t  £spi© lnxans w e r e  t u r n e d *  l ia s  fe lg f i  p u r i t y  c o p p e r *  
lu ailed fey lahncon -they & Co* '.ltd#,. feed been repeatedly 
refined by electrolysis using a, purified electrolyte et 
each stage of the deposition* flho' pnre. oathsdo sheets 
were melted and' oast m&er v&ctmm and the ingots rodueod 
to rod XX/XC** dia* by ooM rolling*
? f *  fa n a l in f ,  m  ' i w l i i p i t c h  C o m es?
Apart from the m®mt work of ^fester* Boageri and. 
previous studies of the infernal friction  of 
p la stica lly  deformed copper liad bom carried out-on single 
crystals vibrating at hl^tmcimmim # - s^ploratory work 
tas undortakea so that • a general picture of the effect of 
plastic  trorhlag on. the internal fr ic tio n  of' polyeryatalll&t 
copper vibrating at • low frequencies could. fee obtained before 
plans for a isore detailed study wore Qvmm up*
ISsperinents were carried out to determine whether the 
effects observed with single c , w la occurred with polyw -
• i
crystalline SBtarlala, andrto ascertain whether the results 
c, jnod with, the present apparatus. compared In any way 
with those reported fey fcor&ora using the K§ %p® of 
pendulum* ■.
C l )  o f  >v> * » *1 ' o t a n \ i  uh • rw A .ltu » M  c t
; ‘,v: *»J.M
T h o  Internal fri©tion;af polyvryataiMa® copper as ■ 
measured at room tm mors law  witli the K§ type of pendulum 
appears to 'be- appre:titr te ly  one hundred tl&$ahig&$? than 
tlie values repouted for single crystal® t h i o h  were tested  
fey physical t&atflois at high frequencies*. • u^lltudo dependent 
effects ore not observed with the E© type of apparatus.
that surface ©hear strains of t1 * orfef of 1 i f s
xo not 0X50 ©‘£3Cl @d • For ©hoar strains molt in excess of* '
.this value* however* amplitude dependent, e ffec ts  t>aao
" " '' ( » ) " ’ ‘
increasingly sorted « .
fhese o ffsets  ©re undoubtedly related to. the high 
- background energy loss of the pendulum# x hetlw^ this 
■ obscures .the amplitude- dependent e ffec ts  ©t Ion strains* 
or whether the dependence observed a t higher s t e in s  is  ■.'. 
spurious* teirxs o.$use&; by-;£^ip losses or a ir  fric tion*  
e enot be .readily deterained* la  view of the pertieuiar 
o »  ^ wia..which previous •workers*  ^ ©specially those 
engaged-.in the single crystal .fie ld f had la id  upon the 
amplitude dopes- *£ port,of the Internal frietioa*. i t  was 
considered desirable to study the effec t using the preseat., 
ipp-rotms which -had a low background. energy loos*
lsi5srto$irla w@re .aade #a a teatp ieoe of .tough pitch , 
copper which ixa&been annealed fo r two hours &% SOO^ d . 
after turning# Tim e ffect of t ^ ’lltude upon the Internal - 
f r ic tio n  was studied for. s tra in s  • as high as 22*§xX0 r. using 
a microscope of lower power then Vi it normally employed on 
the strain .measuring cyiips &e rat© of decay of the
o sc llla tlp a s  was §©termiii©d yismally# . fti© in ternal friction*, 
expresses. ea the logarithmic deorcsjoat# was determined tmm  
the slop© of the log;, r i  t e l e  de-ay curve a t the appropriate 
&$plltade# fh o . tests  were carried  out a t atmospheric pressure.
205 »o 15
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Fig. 10,
Curves showing the effect o f amplitude of vibration 
on the internal friction  of tough pitch copper.
flg#iO' illu stra tes .the results obtained to  tills ex- 
periment# the specimen ,&a& been beat very s lig h tly  
during to e; process of mounting la  Vm apparatus# Curve |a) 
allows t o e  variation of ••Internal fr iction  with amplitude 
soon ef ter mounting# . the specimen was then straightened 
la  s itu  by toad as nearly m  posslbl© and tenedistaly  
retested* . Curve |b | gives the result of tills 'teat* . fhe 
rsaulis obtsln©4 when ■ toe spooi&ra was reteste i after
r e s t i i i g  a t  r o o m  t e i s p e x a t u r e  f o r  S o  h o u r s  a r e  g i v e n  b y  c u r v e  ( © | « m
! I •
V too carves' showed' that with this apparatus the iaterm I*; V 
friction was sensibly independent of co&piitude for surface- |ja 
shear strains lower than-S^lcT^ and that th e ' effect o f . : I
amplitude at higher strains was -not particularly marked# :|:|
Increasing the surface shear-strain from 2 to 22#SxlCf  ^ for jg'i 
example only increased the decrement by a factor*of approx-*
* ? * * W W  V U i  W  ,& « ? ;< * *  * , ' % S W V W $  « K » »  « U  8 » 4 . 4 . ^ U  t * 4 » ^  4 ' » U U V »  « * . * * ?  < j
' ' ' * ' ■ !'i! 'amplitude dependence-'-of-.the work hardened material# ' i ll
For :purposes of comparison a fourth m xm ; {fij has ■ i:;|
b o o n  i n c l u d e d  i n  t h i s  d i a g r a m *  t h i s  c u r v e  i s  t a k e n  f r o m  m u
b y .^ r sh ^ *  and..- shows to e  apparent variation; Of M1!i ;: j.
Internal friction  w ith.amplitude of a sample of . copper tested - , i|i:i
in a peadulim of to© *£© type* : the decrement a t  aero
■ t
empiltade is  approximately tea times' hi^er. than that . . .
■ ■ ' -!|i ;insured  la  the present research* and th is ratio Increases . [h;
laately  1*7* 0 o p r iso n  of curves tb| and (e) shows that
•&* H**H ti'V'flfrtf*!**' #  ***• *$ *&‘S * 'v r  ^  <#* /*» *t *$ -*l* *1 #"5* **«# J**. s-Sl ,**4 ^
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Cnrvm  &hming th% i n t e r n a l  f r i t j t l c m  of h i a t t *  
arnwa t o u ^ h * p i t o h .  c®pp%r at v a r l o u a  t o m p o r a t m ^ o *
to about ©n© hundred at shear strains of 10 *
fho faiuea' of internal fr ic tion  measured with' the -pr©*' 
sent apparatus are comparable In magnitude to typical values 
reported by previous workers who empioyeci physical tost
. . mi
methods* Th© background energy loss of the la  type
of apparatus# however#’ appears to completely obscure the- 
•true trainee of the internal fr ic tion  even at lovi amplitudes 
of Vibration#'
( 8 ) t-te internal - Friction of Hard ^  n tcragh fitch  Copper*
r.n4#M#i»&airi£*#nwiigailtt£*e^#i$3»^^ aVc«a*CBw»w t^c &&**&■ <*§*>*«»»»?»
v ~ Experiments tier© carried out on a teat^pieoe which was 
n o t. am b led  'after ■ turning* -.flio rod ircm which the test*  
piece was imm had a terdfios© of 115 Ite*II*' ani ted boon _ ' 
radioed to bIzb by drawing approximately two years before’ 
t h e s e  e x p e r i m e n t s  w e r e  u n d e r t a k e n *  ■ k  p r e s s u r e  l o w e r  t h a n '  
five  microns was ^ in l'in e d  in the apparatus■. during the pro* • 
CLw <} of the tests* . Figure 11  illu stra tes, the results s te  • ■ 
.tained# ■
mt room tempera tar©' the l o ^ r i t t a i e  cieoreasnt was ■
**2!5*00 x 1C Curve ( l i  allows the v aria tion  of in te rn a l . f r i o *
Uoi» as the temperature 'ms raised a t  a .ra te  of approximately 
S# per hour* . flie Irre g u la rity  in  the shape of the heating 
curve was a ttr ib u ted  to  the oarablnatloa of s lig h t variations 
in the r a t a  of heating and p a r t ia l  recovery of the specimen* , 
Hie furnace w a s  switched o ff’ then the specimen temperature 
reached 05° and the apparatus allowed.to cool down'overnight*
m ***
this- treatise at the fieeron, at at mom tc 'pnratiire was 
”*»3
2 , 00 . a 10  '#
12i© specimen xqs - thou slowly heated to -MS0  atii held
a t  t h i s ' t e m p e r a t u r e  f o r  h a l f  a s  h o u r *  ■• a f t e r  c o o l i n g  d o t e a
' * 0  to 20% xn the decrement ecu -found to.be o#80 % 10 «
Curve-IS} illu stra tes the ssbsniuont temperature uv e once
of the internal fr ic tion  0© t|X0  IvOiiP w rature tma raised to
MB0 and ©lowly decreased*' ' the oxyei‘3 rental points f e l l
©a a 'reg u la r carve and i t  was.found that the in te rn a l
fr ic tion  at any temperature was the same' whether the tempera*
ture was ris in g  or falling* '
As a result of the heat treatment cycle the room
temperature internal friction  was found to have been reduced 
*3to O#70 x 10- * The/spedinea^..was suhjeated  to a surface ©hear
s tra in  of 2*4 * icT^ which raised  the <i@c; t to  1*1 % 10~®.
Curve (3) i l lu s tr a te s  the re su lts  obtained rhea the specimen
ms Mated in this f^ vmrked condition* l i e  internal
f r ic t io n  reached a peak a t  about to 0* the subsequent rapid
&rop of in ternal f r ic t io n  indicated th a t .the rat© of recovery
was very great a t i a© tcn^ smtares* After cooling, dovm
*»3
overnight til© decrement was found to  be 0*90 m. 10 *
I t  waseonolu^cd tha t even a f te r  a long period of ageing, 
(too years at room tc natureJ a considerable amvtnt of
ooMmmrk induced in ternal f r ic t io n  s t i l l  remained in  the
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' Curves showing the e ffect o f torsional strain  
;m the internal friction  o f annealed tough* ■ 
-pitch copper* ■ . *
team  r©<3* , ThiB internal friction  appeared to prodoatoatc 
Ie the range 40~XG0°C# At tesper&turea above 0 J° rapid 
recovery. t o o k  p l a c e *  and at X§5a ippm raj to
virtually  eliminate the ia tem el fr ic tion  caused bp cold 
vorhiug* .Ipficionee J*ufc eoniplets recovery had occurred 
w a s  a f f o r d e d  b y  t h e  o o i B O i d e a e e  a t  h e a t i n g  i M .  c o o l i n g  
curves after such treatment* *
(Si B^J^XaSLlLaOS®^^
.l a iTaI'S-
fills  erg. ex-dL-wt maea so that the effect ®t a 
defin ite strain applied' to an. asrieaXeil m te r le l could bo 
led# After having been &mo&lc& lor two hours at §00° 
in  uitrogea a test piece was mouated In the apparatus ♦ She
*•{
n m r m m n t  i « *  : C l r  t . l y  a f t e r  o o u & t i n g  w a s  1 * 2 *  ^  i c f a *
After resting fm  103 hours at room teaperairor© tala value
■ **3had decreased to 1#15 22 10 fM s recovery was attributed
t o  the s l i g h t  d e g r e e  of w o r l c l i i g  caused daring t h e  laounting 
process*
flie sample was g i v o a '  an s u s i c l  twist c o r r e s p o n d i n g  to
«*»3a surface shear 5train'of £0*4 x lo  " anM. subse^aent chaages 
of internal fr iction  with time were noted* lha results - ob­
tained are platted on *iicr© i t  can he seen w* fc a
rapid in itial'drop of ia la ra sl.fr ic tio n  occurred In Iho f ir s t  
hour followed by a as * ivoly s i  ... cr rate of decxT:*r<©»
At ter these. changes had boon followed for ?. tout five hours • 
the apparatus wasr eraousted 'and tests  at 'elevated temperatures
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rig* 13*
Curves showing the effect of low temperature 
annealing, on the internal friction  of toretonally
strained tough-pifch copper*
mt® oocdoneei* • fh® i . ,a lta  of these te sts  &ro given la  
Flg*U» i ting  v b b  carried  out a t  a rat© of 2 #  per hour* 
F t 73° aacl i y*, the boating was Interrupted fo r  short 
periods* the eo^es.pondisg steps cm‘the hmtin® carves at 
these temperatures ind icating  the processes of recovery a t 
constant toisparature #
after the .fa©tkerxml period at 90° the specimen was 
soaked at 140° for sin to a hours and then eooiecl down slowly# 
the curve of internal fr iction  plotted as a function of 
temperature- was very * wvt and regular after this treatment, 
which hod the o ff eat of reducing tlia fom  temperature value 
of ^  decrement to 4*8 as i c T ^ .  v a lu e  i s  comparable
to may of ilia  ^ * e quoted id the liiu  * o fm tho
amm^at of single crystals? of copper - tod hf physical 
methods*
llais espsplmoat confirmed 'the results of previous • work* 
ore who found that the cold m rk  induced in te rn a l f r ic tio n  
tied■ tran sien t and permanent components* ■ 111© resu lts  of the 
annealing test showed that virtually a i l  of theporaemnt 
component oauld da elX-iiooded by haat ifd * t at tempera- 
tares as loo as M0"0 * p ■
{4) fae. I l fotd or le e glt,idipaj - t r  in oc tf g internal - , '
In vied of tha aoa~uniform d is tr ib u tio n  of s tra in  over 
the• cross section  of & twisted cy linder* i t  was considered
rig* 14*
A p p a ra tu s  em ployed  for the a p p l i c a t i o n  of l o n g i t u d i n a l
strain to a teat piece*
«* 0 3  -
desirable to confirm that the results hitherto obtained 
tmm not peculiar to th is type of straining* Tests tier© 
a c c o r d i n g l y  c a r r i e d  o u t  o n  a  ■ s p e c im e n  w h i c h  w a s  'a t r a i n e d  
longitudinally in the apparatus* ftes© teats were carried 
out a t  at..©, cheric pressure* •
The straining arreng.v: nt employed Is shown diagram** 
a tica lly  in fig# 14 * *ho lorjitrc I strain was applied. 
by tlo  horizontal bar shown, tension being applies by ti^it** ‘
i
■enirg the two m$& simultaneously# the extension applied 
to t ie  speciisen was given by the mean reading of the two 
dial g' t,ss vhich also enabled the straining beam to t>© 
kept apprs^iirrtsiy'level# JU*. ^lately tae t.o ir e i ‘amount
of sti-ain had b e e n  applied nuts i © r e  slackened o f f ,  t h u s ,  
permitting the springs to r the leas end free the 
men* . ebaerrationa of the rate o f ueeay of th© torsional 
oscilla tions were then male in  the imam' 1 mnmt* '■ M order' ; 
Umi the result® obtained should be oout arable -with those of 
the previous v ©rims: it tosfcs wore oot-iad out an a specimen 
which has alas bean tumbled in nilxa„,;n at UU0°a#
longitudinal strain© up to a to ta l of 1 S*8,S( were applied, 
Ike results obtained ore a jrr*rie©d la  I?i@*l§« Increments 
of strain ware applied fa ir ly  rapidly, tip-to a sa^imia of 
4*1 ■ Ike results shown on the f ir s t  part of the curve
were a l l  obtained I s  a period of 1$ hours* observations 
were mad© approximately three' minutes after the correspond-*
Fig. 
15.
Effect 
of 
longitudinal 
strain 
on 
tha 
internal 
friction 
of 
tough 
pitch 
copper,
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lag Increments' of strain had been applied#
. ' ' f t i e  © p e e i m e n  w a s  a l l o w e d  to  r e s t  a t  r o o m  t e m p e r a t e * ©  
f o r  4 4  f l o w s  a f t e r  a t o t a l  s t r a i n  of 4 * H S  h a d  hmm a p p l i e d *  
During t M s  p e r i o d  th© Internal' fr iction  §mrmm&  ©oaoider-* 
a b l y  m  shown t o y  t l i a  v e r t i c a l  portion o f  t h e  c u r v e * ' f i l e  
t o t a l  s t r a i n  w a s  t h e n  i*\» v ^ s e d ’ t o  l S * g > , .  &  g r e a t  d e c r e a s e  r ,  
of internal fr ic tion  m m r r n ^  during th© 24 hours subsequent 
to t h e  o jlleatlon  of t h i s  s t r a i n  I s c r w x a t *  similar ' 
e f f e c t s  w e r e  e b a e r r a d  vhm.  t h e  s t r a i n  w o e  i n c r e a s e d  t o  
1 1 3  # % e *
■ ■ x i <jq M illustra tes,, the e ffec t o f  low temperature 
annealing on th is  ©p-ectaen# ■ *2he- taniperatmra was ra is e !  
slowly to l£S° and then decreased to  180y over a period of 
SO m im tm *  During th is  pariod the decrement decreased' 
from 19*5 to  10*9 * lxTM* A fter a .fa rther n hours
a t i20y t h e  filia l ralue reached was 10#0 a: 10 *- indicating  
tha t p rac tica lly  a l l  the recovery possible a t  had taken ■ 
place in  the .f i r s t  so a im  tea# a f te r 'th e  isothermal trea ts
sen t t h e  specimen was - heated slowly to lS?y* held a t th is  
temperature fo r  20 &%mtm an4 then sealed gradually to 
room temperature over'a  period of 8 hours* as la  the 
previous ezpextmntB  a very ©moth cooling ‘ carve was oh** 
t a l a e d *  ' © i ©  S e o r o s e i i t  a t  1 0 ° 0 *  4 * 2 9  a s  i c T ^ *
fh is test confirms! that the Internal friction  cause!
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fig* x6*
E f f e c t  o f  low temperature a n n e a l in g  o n  the f ni e r a a ^ <fc'1<1.
friction  of longitudinally strained • tough pitch copper*
•#* 0*^  m
fey longitudinal a training tm® -similar in ccharacter to that 
introduced fey torsional strain# . It had, for ©rumple a ; 
transient and a pei: , \ont component -at “ room temperature. .; '' 
complete elimination of th e  p e T m m e n t .component- could bo ' 
achieved fey enabling at temperatures aslow ss XfeQ0* ' - -tl.' 
maxim on the int^rt-el friction curve 'corresponding 'to ft 
longitudinal strain of warn o f  importance b m m m  i t  
deMonstrstcsd that shell e t f m t e  could' be observed tvea aicb •. 
the rapid straining and measuring cycle adopted in this 
test* •
tS] The e ffec t of low 1 nraierXing on tho in ternal
f r ic tio n  o f .s .vr,«5n ml .tourJh •ffltH&^oppeg#
fm ealing  experiments tip to- a t iimna te rature of 
ISO0 were undertaken in order to study the? recovery process 
at various t  vratores* I t  was f e l t  tha t the re su lts  of 
a series -of annealing te s ts  carried  out a t successively 
f i l l e r  temperatures might ind icate  *her there was any 
fundaiiiGatal difference between t h e  recovery processes occur­
ring  a t room -end a t elevated temperatures.
A test-piece, previously.annealed in  nitre a for two 
hours at 000^0. was mounted i n  the apparatus and subjected 
to a permanent shear strain of .approx! «, sly 0*15# .;: Tho 
process of recovery a t room temperature (16-I3ai over a 
period of. 05 hours is shown graphic ally in fig. 17# hours
5-0
4-0
■S2°M_JgWPgo^ ...nr
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Curves ahewtng the changes of internal friction  
occurring after the application of torsional strain  
to tough pitch copperf <a) at room temperature*
(b) a t $9°C*
«**3a f t e r  s t ra in in g  tbs oaorssianl had decreased to  £#47 i  10 #
From the q u tv ®  shown i t  can b® seen that most of the recovery 
process took place In the f i r s t  f i r e  hours, a f t e r  which the 
curv© of in te rn a l  f r i c t i o n  leirelX ei.out and approached the 
h o r izo n ta l  asymptotically*
fig*IB chor/s the re su lts  p lo tted  on a X egarlttaic scale* 
v e rtic a l 'ordinate on th is  graph represen 'Is the difference 
between the actual value of the deorem nt uni the extrapolate 
®d fin a l Baltic after in fin ite  time*. The straight fin a l por* 
tio a  of the eurve indicates th a t th a t part of the recovery 
prooes© can he considered as being ahalogoao to a chord ©aI 
reaction  of the f i r s t  order. fh is  suggests tha t the imps-ovo-
i .
motit in. e la s t ic  properties is  due to eht-ngoe la  the oonom- ■i
tratlon of one component only* the velocity cooffic ie s t  I
fo r t h e  reaction* c a l c u l a t e d  f r o m  t h e  ©lope of the curve w a s  ;
**.U 'i§*01 & 10 per second*
Similar re su lts  to  those .war© ©Malned ..by lewis,.
■ ' £821 • ■ :Heberts, and.,Ubbelohde .. who studied the. eha.age"of. internal
♦  r
f r ic t io n  with time of palladium which had bees © leotral^tloy­
a lly  cold worked by the absorption of hydrogen* -
lit© e f f e c ts  observed whsn the specimen was annealed in  
stages are summarised in fig* 19. fhcee- annealing tests  
were carried out In. a vacuum o f . approximately one micron* .
•lh© specimen .was in i t i a l ly  heated rap id ly  to  58°, held con*
yo
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F ig . 18.
Internal friction recovery curves plotted on a 
logarithmic scale.
** U v  ■**
s tah t a t tills  temperature for  three and ©110 u u*ter hours
and then cooled at approximately 20° pm hour to room trn** 
erature* Deterrdno tioaa of the decrement were made at in** 
terrals during tho process of heating arid cooling. The 
internal" friction  at 52° decreased. appreciably -durlr - J10 
progress of armsallag but attained a ©omt°nfc value after 
approximately three hour© at temperature* • The doer,, *;.© of 
Internal fr iction  at high. temperature %as reflected in the 
lower room -temperature value wlaieh was a tta ined .
■Snbsaiuant heating and cooling.©goles up to V9°* ICiCi0, 
and .12^° were carried out, the cams method being observed. in - 
a l l  mu.m« The temperature waa raised  rap id ly  to  the da** 
aired level • and held constant u n til  “the decrement had a tta in - ■ 
e€ a constant value§ the specimen was then cooled slowly to 
room temperature# ■ In oram to a^oli eonfision'ietarmiaatioiis 
made ditrihg the heating portion of th e se ,©poles were m t  ill* 
eluded on th is  diagram. . At t  * matures fel.ffa.er than those 
of previous anneals very- high values- of in te rn a l f r ic tio n  
were Pregnantly observed. The highest value recorded was 
a decrement' of & 10*° measured a t l l 5?0, during the process 
of heating up to 126°« . . . . .
the moot, ir t"  rooting fee to r eaer d V  from. these . re su lts  
Is tha t the recovery process a t any ton ^ r 'tiira  i s  • not ©on-- 
tinnous but w ill only proceed to  a lim ited ex ten t. Thus a t
Qtempera tiaras of S3 and above the internal fr iction  reached
r
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fig# I f
Curve3 showing the e ffec t of stage annealing on the 
internal fr iction  of strained tough pitch copper#
-  m  -
©  © t e s S y  v a l u e  a f t e r  ' a n n e a l i n g  p e r i o d  o f  t«% h o u r s *  f t i e  •'
f-
s m o o t h  a t t  , r o  o f  t h e  c o o l i n g  c u r v e s  " a r r e t s  t o a t  t h e  a n n e a l * .  
I r t g  t r e a t m e n t -  l i a s  a  s t a b i l i s i n g  e f f o r t  p r e v e n t i n g  further 
recovery e.t lower temperatures* ' ■
Considered from this aspect there appears to be l i t t l e  
fundamental difference between the recoverj process at room • 
a s i  a t  e l e v a t e d  t e s s e r a t a r e s *  S t  eaoh t e p i p e r a t u . r o  the r e *  
e e t i c r n  i m o o e e d s  0 0 . f a r  a s  p o s s i b l e  b e f o r e  s t o p p i n g *  f u r t h e r ' .
x e c o v e r y  I n v o l v e s  t h e  a t t a i n m e n t  " o f  h i g h e r  t e m p e r a t u r e s . .
/si e x p e r l m i e e t  % s s  m a d e  t o  v e r i f y  t h m l  the shape of t h e  
r e c o v e r y  c u r v e  a t  e l e v a t e d  t e m p e r a t u r e s  s u e  t b s  e a r n s  a s  t h a t  
o b s e r v e d  a t  r o o m  t e E p c x a f c u r a *  - . /  t e s t  p i  s e e ,  p r e v i o u s l y
e m e s l e d  a t  S C O 0  in n i t r o g e n  f o r *  t w o  h o u r s  7, s o  m o u n t e d  i n  - 
the - — r s l u o .  T h e  v a r i a t i o n  of I n t e r n a l  friction  w i t h  
t e m p e r a t u r e  o f  t h i s  © f i r m i e c l  s p e c i m e n  i ©  © t v a n  b y  t h e  l o w e r  
c u r v e  o n  f i g u r a  1 C .  a f t e r  t h e  s p e c i m e n  h e f i  b e e n  h e a t e d  t o  
5 0 ° -  i t  w a s  s u b j e c t e d  t o  a  t o r s i o n a l  s t r a i n  o f  0 * 1 4 ? *  T h e  
s u b c c m v o a t  d e c r e a s e  o f  i n t e r n a l  f r i c t i o n  w i t h  t i m e  i s  g i v e n  
b y  t h e  u p p e r  c u r v e  i n  I l m u r s  XT* S h e  g c n e r e l  shape o f  t h e  
c u r v e  l a  t h e  e a s e  a s  t h a t  c f  t h e  s p e c i m e n  d e f e r r e d  a M .  
r m n o a l © !  a t  r o a m  t o m p e r & t u r © *  m e e t  o f  t t i o  r e c o v e r y  . 
o c c u r r e d  i n  t h e  f i r s t  f i v e  h o u r s  e n d  t h e  r a t s  of d e c r e a s e  • 
a f t e r  I S  h o u r s  w o o  v e r y  a l o w  c o n f i r m i n g  t h a t  c o m p l e t e  r e *  - •
e o v a r y  w o n X c l  n e v e r  b e  n o h i e v o d '  e t  t h i s  t e m p e r a t u r e *  The - 
v e l o c i t y  c o e f f i c i e n t  f o r  t h e  f i n a l  p a r t ' o f  t h e  r e a c t i o n  w a s
*- CrO «*
**s3*10 21 10 ' per seo. '
r . a  e s t i m a t e  © f  t h e  a o  * i l o . a  merger e s s o o i a f c e d  w i t h  
the rooovei’sr proems was ra&do bf ©onp&rlns the velocity  
e o e f f i a i e i r t s  ©orrespondln^; to r e c o v e r y . - & t  r o o a i  ^  . >  . . a t u r ©  
a n d  a t  ; 5 t ° *  A b e  f o I X o e l s A  e x p r e s s i o n  w a s  u s e d * * -
II st E
t&ere If.** motivation emrgf? ,
E * Gas constant,
&*» V e l o a i t y  ooeffieieiri a t  teaperature s  
1 ^  fe lo n itj  o o o f f x o l s s t  a t  t e m p e r a t a r e  %  
m o  V a l u e  o f  I !  o b t a i n e d  w a s  1 1 * 6 4 '  k /m is  per m l .  f t i i a  . 
v a l m e  I s  o o s s i e l e r a f e X ^  s r a l X s r  /than the r  ^  o  o f  8 4  k / e s i s #  
aasoalated with s e lf  A lfftuim  is  oopper^^* and ttio v a l u e  
o f  a S . O  k / o a l a  w h i o h  a s s o c i a t e s  w i t h  t h e  e r a i s  b o u n d - *
ary vlaeoetty of.©osp*s?* tfieao ©ossllerstloaa make,'it tin- 
l i k e l y  t h a t  tho o f  f o o t  b s i ? i f  a t a c l l a c l  i s  o o r m e o f c e d  w i t h  
a t o m i c  d i f f u s i o n * '  s i n c e  1% w a s  e a l o n l a t e d  f r o a  t h e  r e s u l t s '  
o f  t w o  e x p e r i m e n t s  c m l y  the v a l u e  o b t a i n e d  f o r  t h e  s o t i v a * *  
t i c m  e m r g f  u E o d l d  n o t  t o  c o n o i d s r o d  p a r t i c u l a r l y  e e c u r a t e *
. A  a e r i e s  o f  a s  t e r m i n a t i o n s  & b  a m a l m r i s  s i m i l a r l y  s t r a i n e d  
at successively higher tonporatmea would he required i s  
order to „ .vien3tr&td «>: t a. single ac tiva tion  aiiergy wag' 
associated with the recovery process la  tills ' temperature 
range* ■ r , .
2 0
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fig* 20*
Curves showing the internal fr ic tion  caused by cold 
working plotted as a function of, 1*
E s t a M i s t o e i i t  o f  t h e  f a c t  t h a t  a  s u f f i c i e n t l y  p r o l o n g e d  
' p e r i o d  of i s o t h e r m a l  a n n e a l i n g  p r e v e n t e d  fa th e r  r e c o v e r y  at 
l o w e r  t e m p e r a t u r e s  m a d e  i t  p o s s i b l e  t o  s t u d y  t h e  e f f e c t  of 
**rature oa th© internal m o t i o n #  f t i e  curves plotted 
on Fig* 19 Bhow the total effects' of cold working pitta soma 
residual factors p m s c u t  i n  t h e  annealed l a a t o r l a l s #  T h e  
0 * * 0  at of IniarmX friction  caused by ©old working is  
g i v e n  by subGreeting-froa the t o t a l ,  v a l u e s  those obtained . 
f r o m  t h e  curve r e l a t i n g  t o  t h e  u a s  " t * 1  m t e r i a i *  T h e  
v a l u e s  o f  i n t e r n a l  f r i c t i o n  s o  obtained hm® bem p l o t t e d  '. 
logarithmically a g a i ^  «, t h e  reciprocal o f  t h e  absolute , 
t - r i p c r a t u r e  o n  I f l g . S Q #  f r o m  t h e  s l o p  o n  o f  t h e s e  c a r v e s  
t h e  activation e n e r g i e s  w e r e  calculated a s i n g  i  3 f o l l o w i n g  
expression!* ■ '
$Clog i n t r r n a !  f r i c t i o n I  
11 » *11 . X
a ¥
flie values so obtained are given in fable 1*
m i e j i
/ m e a l i n g  T e m p #
 ^ '  i
E s t i v a t i o n  E n e r g y  . c l 4 V d  w i t h  o e o r e i r i c m t
0
c • j i t  £ 0 ° C * f , t  i c  I  i n  :  c ’  ^  v r a t u r ©
5 3 C O  1 0  c a l e / c s a l * 7 0 1 0  c a l s /  w l
■ 7 0 £ 7 0 0  • 7 7 0 0  ' * *  f?
1 0 0 f . C l o i' 1 u  «  «
im £ 0 1 0  "  f> . V ^ l o  *-#  «
These  ^ I -' are' cravLlor tMn those• associated with the
t V ***
recovery -prou va. •.• Sis incroas© of ©ffeati?© activation  
©aergy ©Itil v^atratara ©areata /  a©5 &io offoota ohsetr®& 
safe cli© % j a autaraatitoa of factors liaTiri©: a iffsveat Tallies 
of H. ■, '■ ■ j ■
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Tte preliminary experiments ,oa t-ju i pitch copper hall
damns tr& ted that virtually  ecripleta raation of the cold 
work, induced internal fr iction  couii ba achieved by aimesling 
at tempore tiirea an low as l§ya0* Precise tafaraatlcm es to 
the softening char&eteristioa of .either the taugh pitch or 
the hi ,!i purity e<v* to eMoti i t  ms proposed to examine was . 
not tv liable* ho;.atra* a £ .,laa  of annealing experixaeats 
woo anuw'toma to ofet&to detailed iEior.usion oa this point 
before a more ©apprehensive study of too relationship between 
internal f r i c t i o n ’ mad eeyeee of alia i n l a y  was planned*
In order to ensure that* the iiu ir. wJLoa obtained would 
b o  d i r e c t l y  a p p l i c a b l e  t o  t h e  c o n d i t i o n s  m i - c l e r  V v h i o h ’ t h e  
l a t a  . 1  f r i c t i o n  w a s  a c t u a l l y  a o t e r i s i n o d ,  i i a r c i n e e s  t e s t i n g  
w a s  v  „  * l e d -  o u t  o a  t l i a  s u r f a c e  o f  c y l i n d r i c a l  s p e c i m e n s  
toieli had boon subjected to varying degrees of torsional, 
■ s t r a i n *  m a m p l e o  o f  e a c h  m e t a l  vmm c o l d  r n j c d  to r o d  
G * 3 X £ t t o  d i a .  a n d  u a a e a l e d  f o r  t w o  m m s a% S D t 0  t o  n i t r o g e n #  
to o  euxueelad r o d s  w ore th e n  &ufejoote& by  l o n g i t u d i n a l  t w i s t -  
l a g  to a a r f a o a  o h  o a r  s t r a i n s  o f  0 * 0 ^ 3 *  0 * 1 5 y  a n d  0 * S 0 *  
a ^ a c r  j  o u t  f r o m '  *  -  ©  r o c t o  w e r a  e i m r a l e d  a t  g $ Q °  a n d  3 o o °  
f o r  p e r i o d s  t i p  t o  X f d  hmm  i n  m. a t m o s p h e r e  o f  n i t r o g e n #  
l i a r a a e s a  f a s  t o  a e r o  m a d e  o n  t h e  o u t e r  s u r f a c e  o f  t h e  s p e c i ­
m e n s  a l i i  o h  w a r  c  o l o a u s d  w i t h ,  f i n e  e m e r y  o l o t l i  a f t e r  h e a t
i »o
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C u rv e s  Bhowing the o o f to n in g  c h a r a c t e r i s t i c s  of 
strained to u g h  pitch, copper at 26o°C*
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Fig, 22*
C u rv es show ing  the softening characteristics'of 
strained high p u r i t y  copper at 26o°C*
120
I to
too
. 0 - 3 0
80 -
5o
ot t o  • IO 
T im e . in  H o u r s
to o tooo
Fig. 23.
Curvea showing the softening characteristics o f  
strained tough pitch copper at 3<30°C.
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Fig. 24.
Curves showing the softening characteristics of
straintd high purity m p n ® r  at 300°C.'
** ^  la .**
treatment* .M special Jig mm vim& to ensure that dleiaotil 
impressions were hath mSs ©1 measured in  a direction per* 
feo tly  normal to the cy lind rica l stirfseo* ■
W ihe surface hardness- of twisted rods was also studied 
as a function of ©hear strain as i t  was f e l t  that such inform 
atioa  rnornM lie I p s In the in te rp re ta tio n  of th e 're  su its  of • sub** 
sequent Intern©! friction  work*
flie re su lts  of the annealing. experiments are shown 
graphically  in ~  ^\vm  21*24, the points ©liowa on those 
graphs being' the m m  values of s is  hardness Ceterminations* 
For p * ^30s of o ^ r^rio sn  -a p a ra lle l se ries  of tea ts  mm
osiriod out on cr c? fcl‘jatil uauides ©i l^«h grades; of 
copper token from the l i / l S ^  diameter bars in  the work liari* 
eued condition*
Ilia mala conclusions which can he arrived a t  from a 
study of these ipuuiio are as followsi«*
|1|- fha high purity  copper softened more rapidly thaa 
'Krio tougjh pitch-copper*' i t  ^  V'l** the kloti
purity  samples  ^ h)ected to a 1 e* r in of 0*3 softened 
completely .in eleven hours while so appreciable reduction in  
the hardness of the corrospoading to w$i p itch  samples 
occurred a f te r  loo■hours a t  th is  temperature*
(2) With both xs-m;^los of copper the tiu s  to cause soft* 
esing a t any t©©©df&tu:r@ was profoundly aiicofced by .-the 
degree of s tra in  to which the sample- had been subjected*
D
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.
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S u r f a c e  S h e a r  S t r a in
r ig . 2 5 . ■
Hardness o f high parity aai tougb piteh copper 
plotted as a function o f applied ehsar strain .
rz -
/ p p r e e l a b i e  s o f t e n i n g  o f  n e i t h e r  t h e  h i g h  p u r i t y  n o r  t h e  
tough pitch'copper sufcjew* v%* to o nmiUao shear s tra in  of 
e # 0 ? 5  o c c u r r e d  e v e n  a f t e r  1 0 0  h e a r s  a t  $ 0 & ° C *  w h e r e a s  t h e  ;  
tough pitch and high p a r ity  sarploa in  the aa received 
condition softened completely in  twenty end one hour re ­
aped t iv e ’l^r a t  th is  icanperatiiro*
it )  lough pitch uni Mgh purity seuglon subjected to 
a shear s tra in  of 0*15-£i& not soften even a f te r  cnnealing 
for 100 hours a t £0#!* fore highly a trained o r e s  of. _ 
the faicjfc purity  ir r te r la l tc f  tenet In shorter periods*
The rorfe hardening carves shorn mi liguSS indicated 
that even after cl sheer strain of Cut? had t: :n applied
a
the anrfa.ee hardness non s t i l l  very no oh lower than th a t . of 
the m aterial In the worlt ho  denal ffao receive!** condition* 
Although th e 're su lts  of the surtaxing experiments Indicated 
tha t v I th in  the raayo of shsvr s tra in s  rxaataM  softening 
m s  usllfeelr to occur In e ither m aterial a t te iperataras 
much below SCO0 , some uncertainty  existed shout the behaviour 
of more heavily em fe i m aterial. In the 33  reooivod condi­
tion* fo r example, complete softsu i^a of- the high pu rity  
v  er occurred a f  t e r  about o n e  r  a t l o g ° f * s  and i t  w a s  
f e l t  th a t some estim ate should be arrived a t of the lowest 
temperature a t which so fU il': ; could occur in  e ith e r grade 
of copper during a period .of t im  comparable to tha t ever '
x  Hk»h P u rv tx  
© T ovjqh P it c h .
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ANNEALING T  EMPERKTURE
too
" Fig# 2 6 #
Hardness o f heavily cold rolled tough pitch and high 
parity copper after M hour anneals at various tempera** 
ture*#
«j* m
whioti mpewiri mfcs tm the e ffec t of low tmper&ture annealing J
oa internal fr iction  would lie carried .out* .. {
■ /n&ealed tv pit 0  of both, grmaas: of copper r.ero therefore
ro lled  down to 0#0S?i thick* -a to ta l  reduction in  tl i t e
noss c f  9 f  - being isiposei* . the re su lts  obtained whom sp e d -
'm m  out frou these die&ts t t i v  0 330aled for half hour periods*
at tenperaturea- x\p to E40o0# are shorn on figure £6* •
Du© to; the kipii c*c\ 3 ee of * r is in g  imposed* differences
between the rotas of, softening of the -tfio materials • were
naskod in th is eatpariiaeat.#: "■ Abrupt softening of 'both grades
of copper occurred at tenpsraturoe above 180%.* an inters
eating feature of these curves was the s l ie s t  r is e  la  hard*
.m m  of t tm tm$£i p itch  copper m  the annealing. temperature 
•  ^ " ■ 
was raised  up to the point a t  which abrupt softening occurred*
llio fearclaosa of the III \  p u rity  m aterial decreased eligxtly-- 
over the corresponding temperature range* these te s ts  were 
'carried  out am rateriedL having an in i t i a l  hardness -of approx­
imately 130 b*f*-l* , <8*0 io 00 of working applied m at have 
tmm  correspondingly greater than that existing in  the 11/1$* 
diameter m m  which* ■ in . the aa resolved condition* had a 
lj*P*!t» of ©pproslmtely 110* Htroa a f te r  such heavy working 
as tbs th is  sheet bad received* however* softening did so t 
occur a t , temperatures bo|ow 180%♦ It appeared Justifiable* 
therefore to assume tha t with the degree of s tra in  lik e ly  to 
be applied In the in te rn a l fr ic tion  experiments* softening 
would not occur a t  temperatures below xBq°c#* even, with the 
high pu rity  m ls r te l#
VXIX* Petallaxl p s l v / l t e i  Qo , ©t»*
Cl) I f f  got of. * e s ee, of a lminl'm, . on,. th^ i i ^e rn a l f r i ction . 
o f •* ^  p ltc ti . opiT.sr* .
. fh0.e;rueml*.'. :Ua tosorlbed la  th is  section were under* 
taken f i t s  the following objectives la  vlmn-*
| i )  To- verify  whether ikelcmrve -of ■in te rn a l f r ie tlo n  
plotted' es a function of ©traia^ealiiMted a  maxima tmdor 
©IX ocuioitioas*'
c m  f o  I n v e s t i g a t e  t h e  a f f e a t ' o f  p r i o r  a n n e a l i n g  
tx , or©tors on oka - a o f  th s" la tera l f r i c t i o n  c u r v e *  ■
I  i l l )  T o  s t u d y  1 r e l a t i o n s h i p  I s o t ^ a r ; i * * l
e i r a g x s  o f  i n t e r n a l  f r i c t i o n  a m !  a l a s t i e  i m o u o l u a  o f  s a m p l e s  
o a b j c o t o i  t o  v a r i o u s  s t r a i n  I n e r  , ♦
Four fccst-piecs-s of th is  m aterial n.ore examined* 
three samples wars annosled a f te r  tu rn is ; for too hours fit 
ZCQ°t d O C 0 *  c n v d  f o C ° v * 5  r o s p o o t l i r o l y .  S e a t  t r e a t m e n t s  
©are .carried out in  .an eteo;,-ptioro- of ox^Qm free nitrogen* 
The fourth sample woo heat-treated  fa r  10 hours a t 850° in  
a voemms b e tte r  then loT%a* tig* Control samples l l /M 1* 
flametar of the same m aterial rare  heat treated a t  the same 
time as the ■test-pioccu end retained fo r subseluentl«*Hay 
end mioroooopio examination* . . .
The t e s t ^ p l o o o o  a fte r  h e a t  treatment rare m o u n t e d  i n  
f i e  t o r s i o n  p r a r u X m o  s o d  a l l o w e d  t o  r e s t  a t  r o o m  t e m p e r a t u r e
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for about a day eo that steady basic values for' the internal
friction  and fxo u ssy of oscilla tion  in the unstrained eon-
ditiom could bo $ demined*' Ihey «oro then subjected to § 
increments of torsional strain* measurements of. the 
r ** m l  friction  and frequency of oscillation/being ;mde 
as soon as p ossib le-a fter . the 'strain ted boom applied* 
guboequent iaoss iream is of Internal friction  and fro..uoney 
wore made at. intervale over' the next a®wa or e i *-a hours 
so that the changes with li&o of these v - leMea- qouid bo 
followed* f ia a l detesuainatioas-of tiis dovio 'it'.hnd'fre* 
queuey ware made approximately £4- hours a f te r  straining#
A fu r th e r ‘increment'of s tra in  was then applied asft a sim ilar 
m rim  of  readings taken* "  . e
•" ohsorTOtioas of this- type wore repeated 'until a to ta l . 
angular, tw ist .corresponding to  a surface shear s t i  4a-of
' ’5 '•'
about Ci»2a had been, applied to the specimen* At ;:'ihe', con* 
elusioa of each programs of testing the specimen..1ms ■ 
annealed in s itu  in vacuo and the'eh. ago of internal friction  
w i t h  t i m e  e M  t e m p e r a t u r e  r e c o r d e d *  f l x a  e x p e r i m e n t a l  r e *  
suits are described below umior the following headings** 
ja )i if itch , -copper emaalcd at. ZorjQ0*_
Curve s. showing e ohaago of internal friction  with'
time at room 'temperature for various increments of strain  
are ©a fig*£?* in these curves- the time axis ..has
bom displaced longitudinally so as to avoid confusion as
20
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Fig# 23 .
CuTvm allowing tlie .internal fr iction  o f tough pitch  
copper 24 hours a fter  straining#
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a 20
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T e m p e r a t u r e .
40
Curvoa timing thu effect of low toroeraturo mnmling
m t h o  i n t e r n a l  friction  o f strained taugHx pitch c o p p o r *
(ftmptraiiirt o f prior mnnmlifig 300®C2*)
m m
mch as possible* ' ffi© mrtm are of toe same.typo as .those 
observed in  previous experiments and. illustrated  for example 
to Fig#if* to© internal fr lotion £4 hours after the strain
iaoremeiit had toea applied la plotted- as a fuaotlon of. total 
strata on lfig*sa# • tola ourvo. exhibits a maxima for a ©ur~ 
fao# stoar strata .of approximtely 0*OG* too decrement at 
this maximum > 2*^2 x Xto  ^ Is approximately throe times that 
of the amealed material*
to© effects observed when too tesfcpleoe was fin a lly  
annealed- in vaeuo are *? ^toiiaM  in  Fig*£9* The irregular 
heating portion of this curve is  ival of many ex oiimnts 
to ioh have tosii taae© and is  a ttr ib u te d  to ©light ©iicmgea. to
c_
the’ rate' of .heating* ihea- the tempera taro was hold ©on** . 
om at for any period & rapid f a i l  of internal fr ic tion  
oeeutrred»
to©' tostopleoo was heated to 138° over a period of six  
tours tail held at this temperature overnight* Kexfc day . 
too temperature was rapidly raised to 152°* and then tu.toa* 
a lly  reduced to 5 ia over a period of 8 tours* Compared 
with too heating portionst too oooliag section of th is  
carve was very smooth* too tomperatore of toe specimen 
was reduced to I f0 .overaigjht* 'its  deerement after this 
treat out being fmu;a to be.-;0«42 .$ 10 •,.* .
torn so ex orlus ito i o carried. out at a frequency of
On o ® L o g a r i t h m i c  D e c r e m e n t  * 10 oo JO
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2 * 6 3  a v o l e a  v  n d *  x e c u r & t e  d e t t e r n i n a -  ■
%iom> Qf t h e  i m r i a t i o a .  o f  f x -  * — f  t i f c h  t t o  a f te r  strata* .
i
tng %me m t m(L&* ■
JtLj*
C u n r & 3  i l l u s t r a t i n g  t h e  r o a n  t o a p e r a t n r o  c h a n g e s  of 
internal : fric tion  for periods of apprssii le lf  elicit hours .
• after ' t h o  v c r i o t x s  i n c r e m e n t s  o f  s t r a i n  ! ?  ^  b e e n  a p p l i e d  a r e  
g i v e n  i n  ? i g * 2 0 *  f k e  e f f o r t s  o f  s t r a i n  w e r e  m m  p r o n o u n c e d  
o n  this  s a m p l e  t h a n  o n  t h e  o n e  a n n e a l e d  o t  B O O 0 *  f t ^ i r e  2 8  
i l l u s t r a t e s  t h e  i n t e r n a l  f r i c t i o n  a s  a  f u n c t i o n  o f  t o t a l  
s t r a i n  0 4  h o u r s  a f t e r  s t r a i n i n g #
t i l l s  curve trial b its a p r o n a n n e e d  p e a k  eorrespo&dlag to.:-
^  • 
a  s u r f a c e  s h e a r  s t r a i n  o f  ' e p e c e : ! ,  r a t a l s  0 * .  0 »  T h e  a e a r t *
n e w t  a t  t h i s  p e e l s *  6 * 4  2s  i C T °  t ; r 3 *  t * — * /  ; v t o \ y  t h r o e  t i m e s .
t h a t  o f  t h e  n n a t r a i n e d  s a t e r t a l *  ; a  H e r  ■ s e c o n d a r y  p e a l s
o c c u r r e d  ct a s h e a r  s t r a i n  o f  a b o u t  0 ♦ £ ? £ ; >  f o l l o w e d  hf  a
h c r i a o n t a l  p o r t i o n  e x t e n d i n g  t i p  t o  0 * 2 0  w h i c h  w a s  t h e  mxt*
mm g t r a i n  a p p l i e d *  f  c h a r a c t e r i s t i c  o f  ' t h o s e  t w o  p e a k s
was that their ri&th increased with the eegres of strain
. a t  w h i c h  t h e p  o c c u r r e d * .  O h i o  f e e s  h e r n  f o u n d  I s  h e  a
g e n e r a l  c h a r a c t e r i s t i c  o f  t h e  r i a t e r i a l s  s o  f a r  e x a m i n e d
e n d  w i l l  h e  r e f e r r e d  • t o  i n  t h e  O l s o a o s l e n  o f  e x p e r i m e n t a l
r e s u l t s #
f i g u r e  f l  I l l u s t r a t e s  t h e  c h a n g e s  o f  f r e r g x a n o ^  w h i c h  
occurred ©imltensouslf with the changes of internal
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rig* 31 *
Changes of frequency accompanying the change a of 
internal friction  illustrated  in fig* JO*
>710
Log. D e c .
Pig. 32.
S ffect o f internal friction  upon the resonant frequency 
of a vibrating specimen o f constant s tiffn ess .
friction  illustrated  m  Figure-SO. flw  Ceoreao© of internal 
f r le t ie a  was accompanied by a corresponding increase of fro*
i
‘/'&2 Q$* Tim u iiim#© of than® frequency ©lisages waa of tlie 
©rocr of ob© percent over a period of S4 hour©*
Baoli large changes of frequency are clue to changes of 
t ti® oiaotlo properties of the ©trained specimens* because 
tii© effect of changes of darning npm th® resonant fro- 
quency of 4 sy©sou having a constant stiffaeoa is  very 
small* fiie rath c r itic a l relationships involved mm Ce->
■ I QG |
scribed la  standard wer&a on vibrations*'' and ar© ilia**
et'rated r*a M e a l l y  in  Figure SS* th is  graph show® th©
erf so t of internal fr ic tion  on the resonant frequency■of
a gsa.mpl© having an ur* » pei-frogt'oooy of 1*4 cycles per
•3
s e c o n d *  f  d e c r e a s ©  o f  logarithmic .deerenc-nt f r o m  I d
*T
tq lC u would only imtt . o the frequency by approximately
#*& . 
lQm° pest cent* Ilia iiiareaaes of fm quom f  observed i s
y
these expexi c to war© nearly one thousand times; as largo 
as this and w i  only b© explained in terms of a recovery 
of elastic properties occurring at the same tin© as the 
change© of internal friction* '
f i g o r ©  S S  s h o w s  Urn f r e q u e n c y  o f  v i b r a t i o n  o f  t h e  
specimen p l o t t e d  a s  a function ot t h e  tota l s t r a i n *  t h e  
g e n e r a l  effect of a  t o t a l  s t r a i n  of ©*£? w a s  to l o w e r  the 
f r e q u o a e y  o f  vibration c o m p a r e d  with t h a t  of t h e  unstrained 
s a s | >  1 ©  b y  c # © , * * .  Mo ne^urabi© alteration, in t h e  specimen
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Curves showing the effect- of low temperature annealing 
©it the internal friction  of strained tough pitch copper 
previously annealed' at 40Q°c*
m 79  ##
, length occurred as a re su lt of , the s tra in in g  s© tha t I t  
vm® concluded tha t the mdnlns of r ig id i ty ,  ^Meh varies 
as the egtiare of tha fro&ueaoy of v ib ration  Iiaei been re«- 
auaaa fcjr appro&taateXar 13$ •
flie frequency curve, alihcra^ generally fa llin g  ©itti 
Increasing s tra in  exhibited eitg jft minima a t  s tra in s  ©f 
0»O£5 and 0.C73* . flieaa minima ©orrespooftda to t te  maxima 
o e o n r r i n g  on the in te rn a l f r ic t io n  etuftrs*- thus irsilsating  
th a t eonaitloas of hV}% in te rn a l f r ic t io n  correspond to 
conditions of low olaati© modulus*
The e ffec ts  of low temperature a n n e a l i n g  are samasria-* 
ed on F ierro  04* jfttring the coarse of till a experiment the 
f&rnaoo blading burned omt ’ when a temperature of 170° had 
b e e n  a tta in ed . Mm  the re su lt o f  s u c h  a abort p e r i o d ' ‘o f  
heat treatment the in te rn a l f r ic t io n  of. the epoelmea* 
roi»# r©a a t  r o o m  temperature, m® found to be 1.09 3? lo*5* 
approximately twice as Mgh as th a t of th® previous ppeoimn 
©filch had b o o n  nor© thorcmgfil^ annealed* '
i s l a i :  e
Curves 1 H as Ira  t  lag the- rcon-tei apafaturo </*u:rps of 
in te rn a l f r ie t lo a  fo r periods of approximately 0 huiira 
a f te r  various- Increments o f s tra in  had been applied ere 
given on Fig# 03# Hi© eorroD..ending changes of fr^  *
are recorded ©a f ig .  56# «*itbaugh the general shapes of.
bath these se ts  of curves are sim ilar to  those of samples
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S u r f a c e  S h e a r  St r a i n
03
f ig .  .37* .
Frequency o f  v i b r a t i o n  o f  tough pitch copper 
- p r e v io u s ly  a n n e a le d  at 600°CU plotted as a' function 
" o f  a p p l i e d  s t r a i n *  -
0 0  m
a n n e a l e d  a t  l o w e r ,  t e m p e r a t u r e s ,  t h e  e f f e c t  o f  s t r a i n  o n  t h e  
■internal fr ic tion  was greatly increased* ; . .■ .
a®  c a m  of internal friction  plotted m a function 
o f  t o t a l  s t r a i n  la s i  von o n  F i g u r e  E 0 ,
& pronounced peak .occurred on th is mivto for a total 
strain m Im as 0*005*  ^ The pealr value of the decrement
s ?  ' ••
%m 18*? x lap** Hi© secondary peak- on th is curve occurred 
a t a total strain of .approximately $*09# Fa in the ’ case •, 
of the sample annealed at-40Q°C* tlie peak correspondlag to 
the lower strain ims the sharper* . ;•
figure 3? illu stra tes the frequency of vibration plot­
ted as a fM otion of the total strain* 'lias i*tvo carves give 
t h e  f r e q u e n c y  t w o  h o s t s  s a d  £ 4  h o u r s  a f t e r  e a c h  I n c r e m e n t  
of strain fxai tees applied* . T&ta aortas are not parallel 
feit each follows tno saiaa general trend* tilni&s on these 
carves occur for ©trains of 0*043 and- 0*o9t- thus correspond­
ing to the maxima m the internal fr ic tion  curve©*. itio, 
total eliange of frequency .twenty-four'hours after ©training 
for a Durfaoe &! c a m i s  o* 0 *o tv a s 5*45* ' This ohanm 
in fmqueaoy, corresponding to a decrease i s  t&a iao&uim
of r ig id ity  of ,10*83 tcj lower than that prome^d by a.
•0similar strain in. the material annealed at 400 0*
flae e ffects  produced on this test-pioeo by low temp- 
orator© annealing are l  rLvtlsed in figure. SB* Prolonged
heat treatment at 1 § 9 J did not reduce the. internal friction*
He l diiwto.
20 fe>0
T em perature  °C
40 180IZO
Qnrvm showing the o ffse t of low tseparators annealing 
on the internal friction  of strained  tough pitch copper 
previously annealed at 600°G*
mBas measured at vom  temperature below 2*3 i  ! § ■  *
1 ji^yorhh r,lte^ ,,.Coi;g-a'e; epjiealed &t...©50% ^
Curves • illustratiiag. the v^ m temperature changes of- 
Internal frio tloa  for periods of- approximately '8 hours 
after the application of various iaore ts of strain' are 
Siroa on figure 59* m' attempt was. md© in tills series 
of tests  to ©gee?tala whether a&y fre^e&ey dapan&ane© 
could he detect©# la  the internal friction'induced- by 
©old working* . ■
la  these mperimnta aa inertia member was used having 
two subsidiary maaoe© which could ha removed. in  order to 
increase the frequency of vibration* frcaricma ©gperlexio© 
had shown that aimealed specimen© wore p a r t i c u l a r l y  sens!**- 
tltr© to. handling shocks* . t  pair of adjustable clomps* 
Illustrated la  fig* 40 were therefore eonstruotod s o ,that 
the inertia member could be rig id ly  olvmpod* thereby mklitg 
i t  possible to ch&ng© the inertia weights without•imparting 
any'shoefea to the specimen* She three clamping screws 
shown ear© .normally retracted so that the inertia member 
could 'vibrato freely* ' tliea the weights had to be removed 
in  order m change the frecjtaenay of vibration* the screws 
w ere  e a r e f s l l f  b r a u a l i t  i o t a  e o n t a e t  w ith  th e  - i n e r t i a  m em ber, 
so that that when they were f in a lly  tightened the epooinaa 
was rig id ly  ousted* without distortion, in  ita  aeutral 
position. • ' ;
D
e
c
r
e
m
e
n
t
 
*i
o"
3 0
25
20
272
1000
1245
(735
■2.700
TIME AFTER STRAINING tHRS)
■ Fig, 39* ■■ ■
Cur v m  ©hewing t h e  c h an g e  of internal fr iction  occurring 
after  t h e  application of v a r i o u s  increments of s t r a i n  t o  
a tough pitch copper sp e c im e n  previously a n n e a le d  a t
g # ( F ig u r e s  indicate to ta l shear strain x  10 *}#
1S e c t \ o n  m .  V i e w  
o f  iN E H T t f t  Me m b e r
Diagram- of X^mrnu 
inertia ©ember*
fig* 40, ' 
for locking tli# adjuiiabXa
in  sp ite  of ■ these precautions , however, %ho experiment 
was not a success* Hie top v m on fig# 00  shows the • 
re su lts  obtained* tlSBsurteeata were m&Se a t frequencies 
of i.«88 and 4#8^ cycles per second# I t  can be seen from 
tiio oerte  tha t the s lig h t stiaeks introduced when tbs' ' ' 
im r t ia  m ssas were being ' cha&ged' acfcpleteiy invalidated 
the results*  ' fny passib le e ffec ts  &m to  changes o f ;. 
'frequency mist bare been entirely mashed* . ■ •"'■•■'' ■
fbe in te rn a l f r ic t io n  curve M feoura a f te r  strain ing  
Is  i l lu s tra te d  on r i g #80# An oxtrmmlf narrow peal o n ' 
th is  curve corresponded to  ct-total s tra in  of only Q«O03«'
Ptie decrement a t th is  r : z l t tm  ms- Sl«$ s' 10 % f  second­
ary peel; occurred a t  e *. U in of. 0*00* ■ ( ,
Ch&tvyjs of fsep  »ewoy ®qq*c\ a nying the • changes of • 
in te rn a l fric tion 'w ere  net studied in  th is  se ries  of .tests# 
the e ffec ts  of io;r temperature sinoaliag  are summarised 
•on Fig#41* the room temperature decrement, produced by
overn  ?i t  eniiaalimg a t  JL J* was 0*89 x icf^* ■ IM s was the 
lowest' decrement c bier red in  the research* wd was measured 
a t a pressure of four a ! crone« then air-was admitted to . 
the apparatus the apparent uocresent lucre:cod to 0*43 x 
1(T*. ■ fills  largo increase was m m  them could bo accounted 
for by a i r  f r ic t io n  alone, ■ and i t  was. f e l t  that v ib ra tio n s . 
se t tip in  the apparatus when a ir  was being admitted could 
have-induced s l ir j i t  s tra in  in  .the speeisoa#
5 0
30
6 020 1808 0
T em perature  °C
120IOO
■''Fig# 4 1 *
Curves allowing the offeet o f low teiiiperature mmnling- - 
on the internal friction  o f -atrained .tough pitch copper 
previously annealed at 850°C*
»' eoyves’shorn %n Flga* £5* and 89 I l lu s t r a te
the progress with time o f’ that part; of the recovery pro-ease 
%hloti roeulte -la a v ^ e \ : o  c£ in te rn a l f r ic t io n  a t room
typo ai v h the.Hagaituda of them. ~c#ary of feci rarios
with the i n u r e m e n t  of s t r a i n  applied uni the t e m p e r a t u r e  
at which .the specimen had beaa previously aimsaied* 
XftlticXXy* tomoTery no correlation could bs dieoornod bo~
tweon the amount of recovery, the Immmnt of strain "
crylied* or the earner la  stilcis, these factors wort 
byih© total strain which had been applied to the specimen*
In order to treat the subject in a reasonably qixa&ttta** 
tiro  mmot tables were slmm up la-which the eoount of .re- 
covory-'taking place 0 hours and Si hears after etraining was 
expressed as a percentage of the 1Eternal fr ic t io n 'f ife  
m i n u t e s  a f t e r  a  t r a i n i n g .  I h e  d e c r e m e n t  f i i r a  m i n u t e s  a f t e r
e training wso taken as a bade r&Xuo timply because i t  could 
fee read oft directly fmm the crnnras and mas therefore known
t
with reasonable c&biirfcoy* fhe, slope of the recovery -eartrea
i m a d i & t e l y  after straining mas in g e n e r a l  so steep that ■ 
a t t e m p t s  a t  e s s t r s p o l a t i o n  t o  s e r e  t i m e  w o u l d  h a v e - b o o n  
l i s p e d  l y  ' i n a c c u r a t e #  . flie a r b i t r a r y  la e ia i o n  to nso t h a
temperature* e l l  these eurvea appear to be of th'e same
500
O 300°  
•  b00° 
x 4-oo° 
A 850°
4oo
300Ui
200
CO
100
lo o
o’ /  4 \
^ D e c r e a s e  o f  I n t e r n a l  F r ic t io n ' P e r  U n i t  I n c r e m e n t  o f  S t r a in  ( * io  )
fj u 4g# . curves showing: the changes of internal 
friction  per unit o f  incremental strain plotted as 
a function o f strain Increment* {Tough p i toll copper}*
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o 400* too'
LlIcc
2*  300
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100 2.00 300
%  C h a n g e  o f  F r e q u e n c e  P e r  U n i t  I n c r e m e n t  o f  S t r a i n
400 500
■ Curves- showing the changes of frequency 
per unit o f incremental strain  plotted, as a function 
o f strain Increment 24 hours after straining*
(Tough pitch copper)*
fir® rn&mZ® train® mad® I t  possible to eoapare th® aabsecjiteiit
behaviour -of seetdmewis* . . .
fables '& ** irsa tim rtso  ilio rasm lts of tlies© Imrestlg©- 
iJUmsu. 11* slaplo relatloneM p 'appealed to csciat between 
t h e  p r o p o r t i o n a l  o l i o a i p  o f  a e o r e w c m t  a f t e r  s t r a i n i n g  a n d  
eitbor the Inoroaent of strain producs!*^  tala eh&nga or the 
total o h a o r  s t r a i n  wbicdi l a , ad l e a n  applied to the e p s o l n s n . ' . 
E f  p l o t t x  w  t h e  s t r a i n  I n o r o i o o a t a  a s  a  f u n c t i o n  o f  t h e
e^iiiuoter ~ - *
i riaoreeoHib .of ■ obeer s i r  f 
I t  was fount th s t sioeotb ■ ©wires were obtained# Pi pare 4S 
illustrates tbeae' crarves* •■ .. .; a
A ll Atm points ■obtained in  *T ** four aeries of te s ts  . 
f e l l  on 'tbs sere cmrre* ' I t  was therefore ©anoXttded that ■ 
the proportioBal c » . * ot  in te rna l fr lo tlo n  a t room-temp­
erature in  a given t i r e  wore segendofit purely upon the 
Immtmnt of s tra in  £rodu0l&«$' %hm asa wore net affected 
, hf thcr t«mperatur& a t mkteah the spooiDon had been previously- 
annealed or the to ta l  amount of ©tra.la which had been tied* 
; ffee lower portions or m© eiinras given in  Ft sure 1’ are 
"almost horlaso&tal and i&dl©$t© that the changes produoed by 
low s tra in  iaoreman,to are reiM rtefly oomitiv®. to  th e ' mgai~ 
tod a of ihese iiiereweritsw f  s-the s tra ta  imrcimnZa inord&ge^ 
th e ir  e ffec ts  nmn th® a a jos of in te rn a l f r lo t lo a  progress­
ively  doaroaoo* fo r r o r  :  s tra ta  IrorsBOBts of £ i j  a X(T  ^
and obivo the oxpcrln -ntal © u ? v a  approximates t o ' & x i  v Inverse
© 400 
x t0 0 '
z 4oo
LU
u 300
< • 200
uO
100
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% C h a n g e  o f  F r e q u e n c y  P e r  U n i t  
I n c r e m e n t  o f  S t r a w
200
Fi|f* 44*
Cunrea allowing the poreontaga change o f frequency 
par unit of Incremental strain plotted as a function 
of strain increment'2 hours a ft or ©training# (tough 
pitch copper)*-
m . © 0  **
ratio curve,’ indicating that ©rar th is portion of the strain  
ranga the, proportional- ch t * cp of internal fr iction  is  virtual* 
Xy in d ep en d en t of - th© m ^ U nde . of the strain .increment pro-'
v i n S . i t * . '  ; , .
ftB.c a r t e s  Illustrating the chants tree. ant £4 hours
i
'after straining are both, of siM iar fora.
(b )  S l a s t i c  floCfulTts , . - . . .
Tmhlm,& and 7. samaris©- the changes. o f  r e so n a n t f r a -  
queuey which ©ecurred B and-£4'hours after straining the - 
samples of ton£?v. pitch oopper annealed at 400 and 60O°0# 
ho with the internal friction  results i t  vm found that 
the hast.method of •illustrating the general trends was to. 
plot the tmvo of strain as a function of the 
parameter (# o’»  ^*© of fr^ p^noy) *
^  Oi? M* *J« *'. &%#' V*1 A 4(P J
-Olio currca plotted on Iflss* 40 ^  1 44 illu stra te  that
the ©hangs of frequoaay per unit increment'.Gf strain  
creases rapidly as the strain inoroinaiita increase# f t  Im 
strains th is effect is' particularly mi^ed hut aa the strain  
incra seats/ 1, .a  v n* the effect oxseuox le a s"pronounced#
  ’ . ■ ■ ■ ■ ,  ^ 4
For s t r a i n  in o r a .n  it 2 c « pxoxlm  . i o l f  £50 js; 10 '  th e
two quantities vary la  fcpyr&slmtely isvxvoo ratio Indicate 
lug that the changes of frequency axe v ir tto lly  independent 
of the' magnitude of the. a train iaexaiuents pro Cueing them*
Hi© curves aloe illu stra te  that th e’e ffo o ts■produced 
mm sensibly independent of ilia to ta l amount of strain
** -B0 **
prmlomsly applied to the spoolmn  M l were profoundly 
affected b y . the prior aimesllng temperature* I t e . changes'- 
of frequeney exhibited by the specimen which had bees 
annealed at ®Q0® ware approximately §0$ greater • than th© 
oorraspaauiag changea in  the specimen annealed &$ 400°C«
.The result© differ la  fchia respect from those of th e .
Internal friction  measurement©•
(c) pop,-no | >n of tap , t - gf .t^e.Tlatep.ig1 fr ic t ion end
} re 71 *. * m rv.ourv * v of s tr a in M pi tali popper ♦
f te  curves illustrated  on Figures 42* 43* and 44* 
indicated tha t aXttioagti the changes of in te rn a l f r ic tio n  
occurring aubee-pient to  th© ep p lio ttlo a sf  a s tra in  Inorameat
c . .
were iteepsteent* of my faotor except the magnitude of tills  
strain increment* the corresponding oranges of fro c icjr
'tepeaaai.also upon ttio temperature ©t which the specimen 
bad bean previously annealed# These results suggested 
that the gradual - increase o f frequency and oorxmponding 
decrease of Internal fr ic tion  reflected two d istinct aspects 
of the recovery process* ■
. The re su lts  obtained in  so-ne ©f the e a r l ie r  experiments 
ted indicated tha t tha t p a r t 'o f  the recovery process re flec t*  ' 
ed by changes of in te rn a l f r ic tio n  could be regarded as being 
aoalagou© to a 'reaction of the f i r s t  order# i t  was >fore 
te e l te i  to  study the shape of the recovery curves observed 
In the proseat series  of te sta  In  ordor to ascerta in  whether
boo IU-2532-51250
20
10 15
Time. ^ f t e r  S t r m u i n g  (H o u r s )
fig# 45#
Internal friction recovery curves o f tough 
pitch co 'per specimens previously aimcmlid mi 
400°C am 6oo°C»
thorn aspects o f  if:io rcoo irer?  p r o c e s s  r e f l e c t e a  b y  the 
i n t e r n a l  f r i c t i o n  e n &  f r o i n o ' n c y  r e c o v e r y  c u r v e s  o b e y e d .  :  ' ’ 
s i i i i l a p  l a w s *
i d g e r e  40- l i l ' O f  f r a t e a  t h e  in t e r n a l  f r i c t i o n ;  r e c o v e r y
p r o c e s s  o f  t e a  a p e a i a o n o  w h i c h  t i e l  b o e a - a n n o a l e i .  a t  4 5 0 °
and k j / a »  the cnjrtoa ahmn hnto t  selected as being
typical o f  t h o s e  ■ o b t a i n e d  a t  l o w  a M  h i g h  t o t a l  s t r a i n s *  . j
a m i  a t  emh  o f  t h e  t w o  a n a a a l l n g  t e m p e r a  t o  r e s -  s e l e c t e d  ;
. . . . . ' •  i
e r e  c o m p a r a b l e  i n  t e r m s  o f  t o t a l  s h e a r  s t r a i n  a n d  s h e a r . ’ ;
strain imvomnt* ■ .|
ftieao curves hairs baaa replotted on fig# 40 oa a ' j
■ ■, . ' I
i a j n i f V d a  v la* f t i e  vertica l o r f i i m t s  in t h e s e  c u r v e s  ;
!
l e p r e o r r d o  t o o  d i f f e r e n c e  b e t w e e n  t h o  a c t  s o l  v a l u e  o f  t h e  1 | 
d e c r e m e n t  and t h e  m t^m o l e t e i .  fin a l v a l m  a f t e r  i n f i n i t e  ■ |
i
t d a i e  w h e n  t h e  r e a c t i o n  c o u l i  b o  r e g a r d e d  a s  b e i n g  c o m p l e t e d *  i
i
O s  i a  pm vim s  e x p e r l n e n t n  t ham  c u r v e s  t i a c i  a  s t r a i g h t  f i n a l  ]
I
p o r t i o n *  t t r n a  c o n f i r m i n g  t h e  f i r s t  s r c i e v  h p p o t b s o i s #  I h e  i
v e l o c i t y  o o e f f i c l e n t 3  c w l s i t l a i o c !  f r o m  t h e  d ^ e s  o f  t h e s e  !
e r a  r o e s  w e r e  a s  f o l l o w s ,  - I
aonesling 
#
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-  . fc. .. _
400
1250 K *»
lO.IJSSlcT"
S44
■ **SXml&ZtQ '
' 0*94 *■
per sea#
eoo 40,6 ■'* 
1400 ' «
Ifi.S •* 
£43
1*15 *“ 
 ^ 0*98 *
500
I 00
050
U0
cO
0-10
005
0 01
to 15 10
Tir\E Aft e r  Str m n v n g  (hours)
' fig# 46#
Curve* shown on fig# 4J replotte# on a
logarithmic scale*
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Curves showing the ehanges of f r ^ w m y  
accompanying :-th«f intmrnkl friction  changes 
illustrated  on Fig#'4j»
«* B»l$ **
itie v a lo e it f  e o o f f le le a ts  a p p e a r  to' b a  related .to t h e  
s t r a i n  i s o r o n o n t s  r a t h e r  t l i e n  t o  t l t e  p r i o r  a  t e n p « *
o r a t © . r o  o f  t h e  i s n e e i g e r i ,  t h u s  ' a f f o r d t s ^  e . M f i r  . e U o n  o t  : 
fin d in g *  ' • '  .
■ 5S f i © .  e f i a i p s  o f  f r a a n o n e 2 P . o c  e u r r l " j  * i *  * : I c a n e © t t a  I f ' ■■ 
w i t h  t h e  Internal  f r l e t i o n  $ h t * & £ © &  1 X I  n :  t o ©  t e d .  l a  F I ( 5* 4 6  
e r @  g  I v o n  m  tlz+4R* "*% '  o  c  - \ v  i  t j - 7  ’ I k  i  > .  w  o n
a  X o ^ r i t t a i e  © e s l e . i n  ~ a s  b e f o r e  ttm  v e r t i e a X ■
ord inate  o f  tfcaao e u r ? e s  r e p r e s e n t s . . the c l i f f a r e n e e  b e t w e e n  
t h e  * 1  v a l u e  o f  t h e  &n& t h e  e x t r a p o l a t e d
f i i ; !  v ' ! •  o  a f t e r  i n f i n i t e  t i m e * -  /
t h o s e  a n r v e a  d i f f e r  * *  a  t h o a a  ’ i l l  - :  I r a t i n g  ibo 
i n t e r n a l  f r i e t i o n  r e s a l t s  I n  s o  fo r  v  >  t  . o f  h a v e  m  f i n a l  
l i n e a r  p o r t i o n #  . t h e  c h ^ n p a  o f .  a l o p a  i s  h o w e v e r  a o n s t a n t l y  
cooroi.sinoG and an 'roxim t r tj linear portion Bigjvl 
e n v e l o p  a f t e r  p e r i o d s l a n ^ i r . t h a n  t h o a ©  e a n o i c l e r e d  i n  t h e  
presen t r ~ ^clissnts* Ofaa? the ease time In te rim ! o f  2% 
h o u r s #  b ^ j  \ e r  t h e  I n t e r n a l  f r i e t i c m  a n d  f r o a u e n o y  r e c o v e r y  
e a r r s ©  a r e  e s s e n t i a l l y  d i f f e r e n t  i n  f o r m ,  t h e  r e l y  a f f o r f l E o  
a d d i t i o n a l  p r o o f  t h a t  t l c u o  * , ; ©  f s o t o r s  r e f  l o s s  e n t i r e l y  
d i f f e r e n t  mpmta e t  a  • r a t h e r  • e a & p l € &  r e c o v e r y  p r a o e s a *
• Control saiaploa of  . the drawn copper rod aero annealed 
a t  t l i d  © a r i a  t i m e ' a ©  t h e  t e s t - * p i e c e ©  a a c l  a f t e r w a r d ©  s e c t i o n e d
f a r  i n l e r o s o o p l a  e n d -  X ~ r e y  e x a m i n a t i o n *  M i c r o  s o © M o n o  w o r e
0-10
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taken froa saihplas cut at right angles to the bar amis*-" 
figures 4&-.5S Illu strate the micronstrncture of the . 
s e c t i o n s  e x t  i n a i *  ■ tlm  g r a i n  s i s e s  o f  t h e '  a n n e a l e d  s a m p l e s  
< v^o as fo li^  w8*
A n n e  a  X i n g  s o w p o r a t  ; , m  % # :  g r a i n  B l a s t e r  { m m * f
0 0 0 0  # 0 ^ 1
0*010
0 0 3 0 * 0 1 4
s o w
0 * 0 0  l ' v \ 0
C B O d O  s m a l l
i t  c a n  I s #  a n e w  £ s ? c a  t h e  p h o t o ^ a p h a  t h a t  t h o  o f f a o t  
s f  a n n e a l i n g  was. I n i t i a l l y  rof«. ^  > the r a t h e r  l a r g o  grain
bIz® o f  t h e  w o r k  h a r d & r t e i  ' m t o r l & X .  a  f u l l e r  r e c r y a t a l l i s Q d  
s t r u c t u r e  w a s  n o t  c * U ’ < ?  i1 a t  t e m p e r a t u r e s  b e l o w  6 O 0 o O *  
Considerable grain v *rih ooeorred la  the sample
a r m o a l c k t  a t  8 S 0 °  f a r  I B  h o a r s #  S k i a  p r o c e s s  r e w a l t e c l  l a  
t f e s  f / r a t i o n  o f  t w o  d i s t i n c t  gvoup® o f  g r o i n  &lzms t h e  
Qismmiotm o f wMeh saa g lte a .ia  th# table#
(4 | npmmvi? '*m I L
I  a )  C u r v e s  o f  i a i o w ' H i l  f r i c t i o n  p l o t t e d  a w  a  f u n c t i o n  
o f  t o t a l  s t r a i n  e x h i b i t  . p r i m a r y  rwwiltna t / h i o h  o c c u r  a t  s h e a r  
s t r a i n s  i n  t h e  r a n g e  0 * 0 0 3  t o  0 * 0 ® # . .
l b )  f t i a  m g n l t w u e  o f  t h e  i n c r e a s e  o f  i n t e r n a l  f r i c t i o n  
p r o d u c e d  f c y  p l a s t i c  a e f o w m t i o f t  i n c r e a s e s  w i t h  t h e  t e m p e r a -  
tore a t  w M e l i  t h e  s p e c i m e n  h a a  p r e t r i o a o l ^  b e e n  a s r e a l e c U  •
Pig. 49* Mierostructure of tough-pitch copper in the 
hard dravm condition*
Pig. 50. Micro structure of tough pitch copper 
annealed at 500 C.
{*120. Mtched esuaoniun persulphate. )
(c) seooadarf bseur ©a -the curves of in te rn a l
fric tion  plotted m  a fueetlea o f . b e t e l  strain .' Bfies©
' secondary p e a k s ,  o o c u &  a t  h i g h e r  to ta l s tra in s  and a r e  w i c l e r  
than the primary peaks* . ■■■■' ■. ■'
(d) Immediately a f t e r  a t ra in in g  the in te rn a l  f r i c t i o n
*
■ of q.specimen zmrmmo rapidly for a period of -ttvm  or 
four hours a fte r tMeh the rate of decrease » isiiahes# 
Completely steady c o n d i t i o n s  am not achieved, .however ©van 
a f te r  periods■ aa.long as 36 hours*
{©) As the degree'of applied s tra in  increases the 
e la s tic  modulus of  the epee toon cleoreoaes* A continuous 
decrease has been observed lagthese experiaontg for shear ‘ ■ 
s tra in s  up to a rm lru n  of 0#S0*
If) Curves* of e la s tic  modulus (expressed as frecxuenoy• 
of resonant vibration) p lo tted  m  a function of to ta l 
applied s tra in  exhib it d iscon tinu ities  which correspond to 
the peaks ©a the in te rn a l f r ic t io n  caiife* Peeks on the 
Internal f r ic t io n  curve oorreonoud to minima on the fra- 
quancy curve* .
I g) f&o dooreage of In ternal f r ic t io n  ; hi oh mmma 
i  i u ia te ly  a f te r  s tra in ing  i s  accompanied by a correspond- 
irig■ increase of frequeuejr of v i b r a t i o n * ' ' .' fhi© change of 
f r e q u e n c y  is  of  the order :of o a a  p e r  cent in  £ 4  hours a n d  
has been shown to fe© ®msed by an increase in  e la s tic  
j o o d tu lu a *  ■. .
*Uh 5 1 . M «»M truo tuar*  e {  to u g h -p itc h  eopper an n ea led
Fig* 52* iiicro^traetur© ©£ tougk-piish £©$$«? annealed
at eoo°c.
(x 120* B tched ammonium p e rs u lp h a te * )
{h) 108 of It'"" ;:s:‘OpOr hlorKH ChsggO of Intc-X^ MXi
f r i c t i o n  Qooorrioo In a g iv rn  iiri-a - t t o r  sop ;Lperor:rn|, of  
t h h r l n  lias been asp l i e d  i -sraiida p u r e ly  oncm the imrmmrh- 
or etrain  p r o d u c i n g  i t '  a n d  i s  n o t  a f f e c t e d • b y  ' t h e  o u n t  of 
s t r a i n  p r e v io u s l y  spoiled. to  the  sp o e i re n  o r  the  tem pera ture  
at which the speoiraon was p;rwfo u s ly  ermmlath
( 1 )  f i l e  m a a i t a f e  o f  t h e  c h a n g e  o f  ire-awm^  u t i l  e h  
o o o n r e  i n  a  given t i m e  a l t e r  a n y  i n e r e ^ . ^ n t ’ o f -  s t r a i n  h a s  
o e a a  a p p l i e c l  d e p e n d s  u p o n  the increinent  o f  s t r a i n  p r o m i e i n g  
i t  a n d  i s  i n d e p e n d e n t  o f  t h e  a m o u n t  o f  s t r a i n  p r e v i o u s l y  
a p p l i e d  t o  t h e  s p e c - l e a n *  I t  i a 3  h o w e v e r ,  g r e a t l y ' ' a f f e c t e d
b y  t h e  t e m p e r a t u r e  a t  w h i e h  th e  s p e c i m e n  h a s  been p r e v i o u s  I f  
aa;neaxeclj h i g h e r  a m isa lla g  t e j g w a t a r e s  r e s u l t  l a g  I n  h i g h e r  
c h a n g e s  l a  f r e a s a n o y  f o r  e n j  g i v e n  I h e r e a e B t  o f  s t r a i n *
i  Ji f i l e  i n t e r n a l  f r i e s  t - i  o n  m€  f r e a n e n e y  r e c o v e r y  o a r v e a  
a r e  d i f f e r e n t  i n  © b a r e o t e r *  I t  h a s  b e e n  s h o w n  that the 
a e o r o a s e  o f  i n t e r n a l  f r i c t i o n  w i t h  t i m e  mn be c o n s i d e r e d  
a s  O s l c i g  t m u l o g o n s  t o  a  r e a c t i o n  o f  t h e  f i r s t  o r d e r  h a i r i n g  
a  w e l l  f n f l n e c l  v e l o c i t y  c o e f f i c i e n t *  s l a i l y r  c o n s i d e r a t i o n s  
■' ! o  n o t  a p p l y  to  t h e  f r e g a . e a o y  r e c o v e r y  c u r v e s .  T h e s e  f a c t o r s  
to g e th e r  w i t h  t h o s e  d i f f e r e n c e ©  e n u m e r a t e d  I n  p a r a g r a p h s  f t i )
• r i d  it}  s u g g e s t  that t h e  i n t e r n a l  f r i c t i o n  a r n !  f r e g u e n o y  
r e c o v e r y  ca rv e  a  r e f l e c t  s e p a ra te  oopeo ts o f a s o m e w h a t  ©on** 
p l e s £  re co v e ry  p r o c e s s *
t & i  t h e  i n t e r n a l  f r i c t i o n  i n d u c e d  b y  p l a s t i c  d e f a m a t i o n
c a n  be v i r t u a l l y  e l i m i n a t e d  by a n n e a l i n g  a t t e m p e r a t u r e s  a a  
l o w  a s
f i g *  53* M ic ro  © tra c tu r©  ©f to u g h - p i t o h  m p p m  anncaX ed
at secro.
fig*  54* Hicroctruot«re of high-purlty ©oppor in the 
hard roXXed condition*
4* XBO* etched awoniim perauXph&te*}
fig* m*
fig*  M* Xiearoi»t»gt«M of Mgfe-parity ©opper annealed 
at 600^0*
(X X2§* SMfcaA m mmtwk persulphate* }
I te ’ .tetelted a . on Mgfi te r l ty  Oopjym**'.
£xp&:l~oats on fcite purity  copper were.undertaken in 
order to supplement the re su lts  •obtained with tough pi toll 
material, ond to d s te :u lo e .\o th e r  impurity concentration 
affected tea re la tio n  >v boteeea in te rn a l f r ic t io n  and 
te jod or strain*; teo tea teat eoea were examined* liiesa 
, ;u t ^natl from cold ro lled  bar ana ?or© ©m^&lei In •.. 
oxygon free nitrogen a t 400 and 600% * for periods of two 
hours. ■ Figures 54^56 i l lu s t r a te  the .m icro-structure of • 
c r o s s - s e c t i o n s  o f  o . n t r o l  s a m p l e s  h e a t  t r e a t e d  e t  - . t h e  . s a m e  
tine  am the test-pl$ces* annealing had a s lig h t refining 
effec t on tee g ra in 's ise  of th is  m aterial lint tee e ffec t was 
sot so marlced as in. the esse o f . the to 'a#  p itch  copper* 
temples sniioaled a t 4 t;°-aac te te  * had mean grain diameters 
of 0*035 and 0*040 mm* respectively*
{1) Effect of * tee i  n gn teo interne 1 >/?i$etJ..on ?. y .  e la s t ic
modulus of hi Ml ra r i ty  cooner a t  doc/hl*
Curve© I llu s tra t in g 'th e  room, temperature changes of 
in ternal f r ic t io n  : r s i t i n g  from the application of success- 
ire  increment© of s tra in  are yiyen In figure 07* tee 
essen tia l feature of these graphs ia  tha t la  tee e a r l ie r  
stage© of s tra in in g  the In ternal f r ic t io n  increased with 
time, exactly tine reverse ’behaviour o f tha t exhibited hf  
the tough pitch, copper. tee  curves corresponding to the 
iater& odlata ranges of s tra in  ere'alm ost level ..while a t
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C h a n g e  of F r e q u e n c y ^
<r cn >  w
F requency  ‘ (c r s ) 1
«* isi^ d m
higher s tra in s  they show an in i t i a l  rapid f a l l  aaci are 
sim ilar 4m character to those of the.tough p itch  copper* 
fh© ©oircsponding frteuanoy curves i l lu s tra te d  in  '
fig* 53 a l l  incrcasa with tiiao- in  a s im ila r 'fashion to
1 ■ •
those of tli© toi.Ji pitch copper*
fig*59 ll lu o tra te a  th.© curve of in te rn a l f r ic tio n  24 
hcaara a f te r  s tra in ing  p lo tted  as a function o f- to ta l strain* 
1& 0 curve has a tia jo r peak corresponding to - a to ta l shear 
s tra in  of 0*03* and a second broader, I  cr maximum, occur­
ring  a to ta l  shear s tra in  of about 0 *0 8 * . The curve then 
fa l ls  rapid ly  and booaisss approximately level over the la t te r  
part of the ©train rougo* A s lig h t in i t i a l  d iscontinuity  
an the curve occurred a f te r  a s tra in  of only 0*002 had been : - 
applied* fh is  e ffe c t, though minor, te a  g reater than coul& 
he accounted for by experimental error and has • therefor© been 
iaeliidod on the graph* .
lliase , on the in te rn a l f r ic t io n  carve have corres­
ponding minima. on the curve of fregaeixoy p lo tted  as a func­
tion of to ta l  s tra in  which i s  il lu s tra te d  on flg*SQ*
"figures 01 aa l 33 smaanrlae the offee te of Im  tempera­
ture annealing on ilia -iatoriml f r ic tio n  and e la s tic  $mmlns 
of th ia  tea V cample# lha.sped- 4 was rapidly  heated to 
6X° and held a t  th is  te iso ra la re  fo r 24 hoars* . I t  was than 
heated to 100Q over a period of tuo 'hoars, held constant fo r  
one hour and aliened to cool slowly to room temperature over
50
K>
f -  30
o  F»r st  Hek tin g  
x Seco m d  He pm mu
LJ 2 0
15050 180100
T e m p e r a t u r e  °C.
pig# &u
Curves showing the e ffect o f law - temperature 
annealing on the internal friction  o f strained 
high purity copper -specimen previously annealed 
at 400®C*
301
128
UJ
UJCC124^
15050 100
TEMPERATURE °C
.Fig* 6a* ■
C u rv es  show ing  %h& a f f e c t  o f  low  temperature 
a n n e a l in g  o n  the f r e q u e n c y  of vibration of 
strained, high p u r i t y  copper s p e c im e n  prertemty 
a n n e a le d  at 400°g#
m ©4 * ' I
' ' ' |
a period o f s i  hours* fh© roam temperature in tern al ]
« \
f r ic t io n  a f te r  th is  fcma/temnl was 1*50 3c icT*"' a value mmh r
ep este r then  wan (srseoted in  irlew of the previous work on ■:
tout?1 p itch  copper* - ftw epeaineit was acoordlogiy- reheated '! ’
to 106° 5 helM at thla tem peratare fo r  X? hours end again
slowly cool8ii. ' ;
■
. i’.0 a re su lt of th is  c&ooml i ling  treatment the ■ I-!
roam tempera to re  In te rn a l frie ti< m  uacreasecl to  1*06, & 10 |
which was s t i l l  h i oh or than ilie tynlo&l values observed 
with toitcfi p itc h  copper* ■ ■
Xtie tmanam^ ®hmm& occurring  hiring those annealing 
processes ere i l lu s tra te d  cm 08* . I&e discontinuities'
of the in ternal f r ic t io n  curve an© fa ith fu lly . reflec ted  in  •. |
!•
the firmsency curra. In spit® of the ecmsldeim'bl© recovery. j 
which resu lted  tmm th is  low temperature tm.t treatm ent the I
final  frequency of 1*303 eyelea per aoeoml wee s t i l l  4*0# ^
lower then the n m trained trains.
(8) e ffec t of > * on the f r l otion and
- f c ^ i h ^ C Z h l h h  ..r>XE/ n n n . . r 1 at .600^ 0* •
Curves I l lu s tra t in g  the room temperature changes of 
in te r s a l  f r ic t io n  resu lting  from saocmsslim Increments of 
applied s tra in  are sivsa on figure 63* Xliese curves are ; . ;
d if fe re n t,' not only from those of the previous sample ;
 ^ n led a t doo°J* hut also 'from those: o f : too t %Kh p itch  ■ 
i » , sr* Is" ’m l to the ^ p lic a tio n . Of m o ll s tra in  *•
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i i i 0. r e j x a a t o  a t  t h e l o w e r  e n d  o f  t h e  s t r a t a  . r s n g o  t h o  i n t e r n a l  
f r ic t io n -  aooreosaa tr©ry slowly ftith t in e ,  ■ ho t a s  h i  •» 'ra .
s t r a i n  rango i s  approsehect the. in i t i a l ,  part ' of these ©unres- 
t e n & a • to  lev e l  o ff , a n d .s t i l l  h igher ' app lica tion s  of ©train 
tm n .lt in  an i n i t i a l  rap id  r i s e  -of in te rn a l  ■ f r i c t i o n  with,, 
time*..
H i e  tmmmxsf  e h a o c - e s  a e o o s p e n y t a s  t h e s e  effects a r e  
I l l u s t r a t e d  c n  l ? t a ? 7 0  6 4  a n d  a n ®  o f  t h e  s t a n d a r d  t y p o  o h * *  -  
served with a l l  the previous samples 63£omtae5 *
F i g u r e  . £ > 0  i l l u s t r a t e s ■t h e  e a r  t o - o f  i n t e r n a l  friction  : 
t w s n t y - f c m r  h o u r s  a f t e r  s t r a i n i n g  p l o t t e d  © s ' ©  f u n c t i o n - o f  •’ • 
t o t a l  s t r a i n *  T h o  i n t - m . i  f r i c t i o n  e f f e c t s  p r o d a e M  b y  
straining wore sllrJitlf* greater la  magnitiids than those of ■ 
t h e  s a m p l e  a n n e a l e d  a t  4 t Q u 0 *  t a t  t h e  p e a k s  m  t h e  c a r v e  ■ 
w e r e  n o t  s o  p r o n o u n c e d *  i n  p r e v i o u s l y  o t a e r v t d  w i t h  th e’ 
tough pitch copper, t h e  secondary peaks, occurring at higher 
s t r a i n s  w e r e  m e h  - b r o a d e r  t h a n ,  t h e  p r i m a r y  p e a k s ,  i n  I n t e r - *  
e a t i n g  f e a t u r e  o b s e r v e d  T i l t h  t h e s e  s a m p l e s  © f  hi f$i p a r i t y  
c o p p e r  w a s  that the r a t i o  of the s t r a i n s  corresponding t o  
t h e  m r l r r e a  v a 1  ' of s e c o n d a r y  end primary peeks was in. 
b a t h  e a s e s  m$« - . . . - .
F i g u r e  6 5  i l l u s t r a t e s  t h e  f r e q u e n c y  o f  v i b r a t i o n  t w o  ' 
a n d  t n a t i t p ^ f o t i r  h o a r s  s o f t e r  s t r a i n i n g #  n o  in ■ ;* r e v l o n s  
ezpoTttnmta t h e s e ' c a r v e s  e x h i b i t  m i n i m  c o r r e s p o n d i n g  t o  
t h e  ' m a r i n a  o n  t h e  I n t e r n a l  f r i c t i o n  c u r v e *  ■ sl f i e  e f f e c t s
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Fig* $6*. .
Curves showing the e ffec t o f low temperature annealing - 
on the internal fr iction  o f strained high purity copper 
previously annealed at 6 0 0 °d*
«* 9(1 **
graJwjsl n  th is  l>? \vn t r u n r ^  re  ^ n s -u io j  ore
Bv:si:^%sei in  60# a fte r annaallng' fo r an hour a t
lCC°s% ' the room, temperature value of th© int 1 frlotion
**>’5 'had aoore-asod to 1*06 21 10 a value almost identical tgith ■ . 
that of the previous emroie* ‘ ' .
(s i O ia .jam s,!.*;. r o  ? ji ■
a '■>*>"* ■
*» «*. fifv % *
•C®> irdsm ?a.0O atl,m
f  sh ies 0 one! i  etiarasvise the e ssen tia l fea t eras of the 
changes of in te rn a l f r ic t io n  v* from successive irsore-
manta of applied strain# ' As with previous worls the m ost. 
.effective  method for the presentation of re su lts  was found 
to consist t>f expressing the s tra in  i&orerse&ts in  tom s of 
the proportional e t n  o of into rv*V fr ic tio n  per un it incre­
ment of applied -attain* '
I t  was found ia  the cane of the ©ampi© stmualecl a t 
4Cv°d# tha t the ohaa-sea of In ternal f r ic t io n  oeeurrin$ in  
any given %im a f te r  's tra in in g  aapsncied not only upon the
a tra in  increments pro ring  then but also upon the to ta l
/
mmmt of s tra in  previously applied to the opeolaeii* The 
proportional man^m which occurred la  a period of 24 hours > 
subsequent.t 0  the application of Sn are represented 
t^uphloally in  fig# 67* la  th is 'g raph  to ta l a tra in  i s  
auuea as a third- cu i^n to the proportional changer of 
in te rn a l f r ic t io n  versus s tra in  increment relationship*
S3 B 
*
O e*
EfO O fc&J £3 # *^ *iO o o «*»** &&&
►S3
S 3 *et? 3^pi $ *n ** ' » <<+£% H»f& * 0*1***& CN.<T*N1 l^ jMKt" *0 '
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Pe r c e n t a g e  Oec r ep .s e  O f D ec r em en t  P e r Un it  I n c r e m e n t  o f  S tra in  (* to"*)
C hanges of i n t e r n a l  fr iction  occurring a fter  t h a  
application o f v a r i o u s  in c r e m e n ts  of strain to a 
high purity c o p p e r  sample p r e v i o u s ly  a n n e a le d  a t  
6 0 0 °C # - p l o t t e d  as a  f u n c t i o n - o f  strain  in c re m e n t*
CIllustrating conditions 24 h o u r*  after application 
of stra in .)
M view of the limited -amoker of esperl&eatal points 
.avails!}!© a t the high s tra in  ond of tills  medal the detailed  
tease trntte he regarded .as being. aoaateat tentative* 1 ltie : , 
diagram lias the g reat tevamta§g however* of repro^nblng In 
both a .visual and ^uanUtitivo. nan&er the experimental 
r e s u l t s  o b t a i n e d  f r o m  t h i s  o o r i o o  o f  t e s t s *  ■ • •
• I t e  b e h a v i o u r  o f  t h e  s o i m l ©  a n a e a l e i  a t  6 0 0 ° 0 *  vau 
aoinswiiat eerier. to 'in te rp re t;• flio proport 1 changes of
in ternal f r ic t io n  eb lte  ooourrsd in  0. period of te  te a rs  . 
eubsopaeiit to the application  of a te  in  were found to teporuT 
purely upon the mageitate ..of tea all win ite reeu rte  producing 
t h e m ,  a n i l  o r e  r e p r e s e n t e d  i n  f i g *  6 3 ' #  t e a  t o  t h e  s a d d e n  /  
I n i t i a l  inereesea. of iL ttenoi fr.io tioa white occurred toveitea 
th e  M gher end of the e tea  In range ■ a ond i t  Iona tm  hmmo a f te r  
straining 'w ere rather-mors-complex and not susceptible to a 
simple gtegfeieaX representation* . .-
OaS r
f f c e  e h ?  a g o n  o f  frequency corresponding t o  t h e  c h a n g e s  
o f  i n t e r n a l  fx4.cfci&*y d t s o u h s e d  a b o v e  a r e  e u m m r i s e d  i n
1
teb leo  10 a n d  I I  a n d .  a r e  p r e s e n t e d  . i n .  g r a p h i c a l ,  f o m  i n
■ 1
fignac-es'6§' sncl $0# '■ ■ ' ' ■ ' ■ 'V/-'"-.
The '■ changes. of frequency appear --to' be IteopoteOnt o f  
t e e  t o t a l  s t r a i n  a p p l i e d  t o  t h e  spmimm  t e a  .  , e  n f f o a t e c l  . 
b y ' t h e  t o a p e r a t n r e  a t  w h i t e  t h e  s p e c i m e n  h a s  b e e n  p r e v i o u s l y  
© t m e s l e i *  . t e : i p arlson o f  F ib re s  6 9  a t e  7 0 ,  w i t h  F i g u r e s  € 5
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In c r e a s e  Of  F r e q u e n c e  P e r  Un it  \n c r e m e n t  o f  St r a i n
Chan g m  o f  f re q u e n c y  acco m p an y in g  t h e  c h a n g e s  o f  
in ternal■friction  illustrated  on Figs* 6? and 63
f l o t t e d  m  &. f u n c t io n .  o f  . s t r a i n ,  in c re m e n t#  ; (C u rv e s  llustrat* conditions a4 h o u re  after strain) * .■
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i n c r e a s e  o f  F r e q u e n c y  P e r  Un it  
i n c r e m e n t  OF St r a i n  * t o )
’ /  F%* ?o*
Changes .o f  frequency accompanying the changes o f internal 
friction  illu strated  on Figs* 6? and 68 p l o t t e d  as a 
function o f strain increment* (C u rv e s  i l l u s t r a t e  conditions 
2 hours after straining)# ■
■<m 9 0  **
an d ' 4 4  t h a t  ttio  changes of f r e q u e n c y  are similar t o
'those'©scarfing after tough pitoh cooror lias been strained* 
© l i a  f o o t  r u g g c s t - s  t h a t  t h e  f r e q i i e o o y  r e c o v e r y  p r o c e s s *  b e i n g  
I n s e n s i t i v e  * f  ; \  g g o o e n c n  ®£ t u v  u n i t i e s  a u n t  h o  d i s t i n g u i s h *  
e S  f r o m -  t h e  ' I x v n o i t f  s e n s i t i v e  p r o o e c a  r e s u l t  l a g  l a  a  c h a n g e  
o f  internal f r e q u e n c y '  a f t e r  a t  r a t a l  a i l * .
(e) o" .te vJu‘f  1UllJuLLJJ*;»':'CLJ
>r- 0 "v h* *-h .purity ooapor
Sfie simg® o f  tlia reoovairf carves o f  thin material vera .*
a n a l y s e d ' l a  tho turn® m m w  a s  i h o a e  o f  tlm  t o u g h  p i  t o l l  
o s  j ~ r # -  a o a o  t y p i c a l  i n t e r n a l  f r i c t i o n  c u r v e ©  a r t  l l t o * .  
s t r a t e i  l a  F i g #  7 1 *  f t i a  c o r r e s p o n d i n g  f r  *  -  ^ y  r e c o v e r y  
c u r v e s  e r a  p r e s e n t e d  i n  F i g #  7 3 *  S h e  s a a a  c u r v e s  p l o t t e d  
o n  l o g a r i t l i s i a  e o - o r d i n a t e e  a r e  s h o w a  l a  f i g u r e s  9% a n d  74#
A s in the previous a n a l y s i s  %lm v e r t i c a l  o r d i n a t e  in %hm® 
c a r v e s  r e p r e s e n t s  t U e  d i f f e r e n c e  t a t  r e  0.0 t h e  a c t u a l  v a l u e  
o f  t h e  q u a n t i t y  a n d  t h e  f i n a l  q u a n t i t y  o b t a i n e d '  b y  e x t r a *  
p o i a t i n g  t h e  o r i g i n a l  ' c a r #  ^  v O  i & f l n l t a -  t i m e * .  -
Figures 71 an4 92 i l l  a U&t® in a m t f  distinct fashion 
that the f r e q u e n c y  reoovory carve ■ s ^ li ih its  Its iiomai upward 
trend whether.the eorresp&xUno internal friction carve is 
lm r m & in &  o r  ..decreasing, thas affording additional .evidence 
in favour o f  the hypothesis that ihe .uj responsible
for the two Vfts of -recovery'are e uiaoiy dtffoxcnt#'•' ..
xlj w-wd*.y j» calculated from the slopes
o f  t h e  a l ; t : u ^  u  i t .  o f  t h e  i n t e r n a l  f r i c t i o n
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Fig* 72#
Frequency recovery curves accompanying the Internal 
friction  changes illu strated  on fig* 71*
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pfiaso irolooity coeffic ients are luster t&tm those mt~ 
eiilatei. froiii'tlie .slopoa of the ‘recovery oartfes of fch© tou|#i 
pitch copper.
rx h ©  f r o  pionoy '®m®mr$ c ^ i s n r e s  of t h e  h i g h  p u r i t y  c o p p e r  
vj'ere, m ea p lo tted  am a logarithmic .eaale xrasry sim ilar to 
t h o s e  o f  t ! i o  t o u g h  p i t c h ' c o p p e r  a i s d . i i k a  t f e a  f i l l  not  h a i r a  "  
a  s t r a i g h t  f i n a l  portlea*
14) Baaiaary of  ~B a  ; » y \ t  p e f  aork m JB ,; h ; m lty . eoprmg*
{a) Curirea of in* p lo tto l cm a fa c t io n  o f
■ s t r a i n  e x h i b i t  a  p r i m a r y  u&&Uw> v & l c h  o o o u r s  a t  s t r a i n s  i n  ■ 
thp mnQ® 0*0S * 0*04*
Cli) ihe mgn&tude of the increases of internal fr iction  pro-
eiioed by cmM w a a k i n s  iaore&ees with i l i a  tampersta re  a t  
eliie!i ttia specimen haa prevlou&Xy been aim aalei*
(0 } ^euondary masiaa .occur on the coiryaa -o* i n t e r n a l  f r ic t io n  
plotted aa a function of.. total strain*,- itteae' secondary 
peals occur at Mpher oiraina „ v* ore eiear tlion the primary' 
p o o k a *
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rig* 73*
C u r v e $ s h o w n  o n  F i g .  7 1  r a p l o t t e d  o n  a  l o g a r i t h m i c  
s e a l e .
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. Fig* ?4* ■
Curv’d* shown on fig# 72 replotted. on a logarithmic 
ocaio#
{ & )  f l i e  1  o  *  o r n a l  e h a n s a a  o f  i n t e r n a l  f r i c t i o n  v & i c h  o c c u r  
a f te r  aa * w uenfc of © train itaa hmu  t w iXe& Sepeni upon 
t h e  t o u p o f n t u r a  a t 'vhioh tlm s p o t t e e n  h a s  b o o n  p r e v i o u s l y  
a m e a l o a . * '  ■ flma3 rXUt ifio si/celama anneals;! a t  the
i n t e r e e l  f r i e t i o a  i n c r e a s e d  w i t h  t i n ®  a f t e r -  s t r a i n i n g ,  
w h e r e  a n  t h a t  o f  t h e  © j o o l a a u  e a a n & a l c f i  a t  0 0 0 °  S o a r s  a s o i  
with tin s*  ' 1
£e) *,2 the degree of sp e lled  s t r a in  iiiorcreen* ilie e la s t ic  
n o u H l t i s  o f  t h e  i s c x m i s m *  f  c o n t i n u a l  d e c r e a s e
lias been o fo e rro i in  tkeee e & p s r i^ a ts  f a r  sfiiaar ..atrains up 
to a m xlBM  oi Q*.*G»
I f ]  C a r t e s  of  e l a s t i c  l a o f a l u s  ( o & p r e e s o . u  a a  f r e q u e n c y  o f  
v i b r a t i o n }  l i l o t t o c l  a n  a  f u n c t i o n  of t o t a l  e g p l i e i .  s t r a i n  ■ 
e j s & X b i t  u i o o o n t i n a i t i e s  w M o k  c o r r e s p o n d  t o  t h s  p e a k s  
o e c a e r i a e s  o n  . the In te rn a l  f r i c t i o n  curves * t%zz im  m. tlia 
i n f e e a a i  f r i c t i o n  a a n e e s  o o a r o e e c a i a  t o  x i l a l n o i  a n t h e  f r a -  *  
o n e n o a  c u r v e s *  •
.|g) {fiaagoo of in te rn a l  f r i c t io a - a f t e r  -s tra in ing  are  aocoa* 
ponied by corrGspvinSinn; increases of fropneaoy of v ib ration*  
Sia frs^osacy  o f v i& ration iiiereaotrs in  a reg u la r m nnor 
aka then fha in te rn a l  f r i c t io n  iao or oaoreoisas* ■
( h j  Tii® r a & n i l ; u f o  n r t a s i n i i  o f  t h e  o h a n p o s  o f  i n t e r n a l  f r i c ­
t i o n  o c c u r r i n g  i n  a ' g i v e n  t i n s  a f t e r  t h e  e _ * \ l a a t i o n  o f  a  
e t r - X n  i n o r a r e s n t  d e p e n d '  n o t o n l y  u p o n '  t h e  a l e e  o f  t h e ,  s t r a i n  
i a a . r e a . a n t  b u t  s l n a  o n  t h e  t o t a l  e s n n m t  o f ' s t r a i n  t r f e l e h  h a s
p r e v i o u s l y  b e e n  a p p l i e d  i s  t h e  s p e c i m e n  e m &  t h e '  t e m p e r a t u r e  
a t  w h i c h  i t  h a s  p  r e  v i e *  *  x l y  b e e s  a n n e a l e d *
{ ! ) ■  i h o  m a g n i t u d e  o f  t h e  o h n n g o  o f  f r e t  ' c r c y  w h i c h  o c c u r s  
i n  a  g i v e s  t i m e  a f t e r  a n  i n c r e m e n t  o f  e t r a i a  h a s  b e e n  
a p p l i e d  d e p e n d s  ' p u r e l y  u p o n  t h i s  i n c r e m e n t  a n d  i s  u n a f f e c t e d  
b y  t h e  p r e v i o u s  s t r a i n  h i s t o r y - o f  t h e  e p e e l n e r u  . I t  i s ,  
h o w e v e r ,  g r e a t l y  i f f  n o t e d  b y  t h e  t m p e r o t u r e -  a t  w f i i e h  t h e  
. s p o o l  » % n  w a s  o r i g i n i l l y  a n n u u l u d *  X l l ^ e s *  a x m s a l l & g  t e m p ­
e r a t u r e s ?  r e s u l t  l a  h i g h e r  o h  r . j g e  i n  f r e q u e n c y  f o r  a n y  g i v e n  
. i n o r ^ a e n t  o f  s t r a i n #  • f t i e  e f i \ , c £ t  p r o s n o m :  a r e  s i m i l a r  t o  
t h o s e  o b s e r v e d  w i t h  t o u g h  p i  l o k  c o p p e r .
I j). fixe internal fric tion  ami i m s u o a o y  recovery curves 
appear to  bo cliff ©rest in  c h a ra c te r , suggesting  th a t the 
in te rn a l  f r i c t io n  aM  f r o  rteacy re s  every p r o c c s o c n  a r e
c a u s e d  by d i f f e r e n t  m e c h a n i s m s *
\
{ & )  she internal fric tion  c a u s e d  oy s t r a i n i n g  c a n  be ©on- 
atderabiy rsdaced • by low , * re annealing, but the
■ f _ ,
r e s i d u a l  v a l u e s  a r e  h i g h e r  t h a n  t h o s e  o f  t o u g h  p i t c h  c o p p e r .
7 5 .
aicroetructur# of longitudinal section o f phogmhoru© 
deoxidised copper tube annealed at 850*0. |*?5) 
(etched ammonium persulphate.)
X* L > s . !;
■ -In cr or %& d&t&rmim the ok to *t to ' which previous 
r e e u l t a  f e a i  b e e n  i n f l u e n c e !  b j  t h e  v a r i a t i o n  o f  p l a s t i c  
s i r  I n  o v e r  t h e  e r o 0S ~ 8 o e t t o & .  o f  t h e  t e a t - p i e c e ,  a  c o B p & r & b l e  i
e e r i e ®  o f  t e s t s  w a s  m d o  • o%% n t u b u l a r  e p e o l n e i u  In t h e o r y  ■ 
t h e  h e a t  r e s u l t s  w o a i i  h e i r s  b e e n '  a c h i e v e !  b$ a s l & s  a  t u b a  
h a v i n g  a  w a l l  a  w h i c h  w a a  n e g l i g i b l e  c  j n g a r e i  w i t h
I t s  ^laeetea?, . I t  was found* however, th a t th in  trailed i
t  * > f n g  i n v a r i a b l y  b n o & I t e l  e a r l  c o l l a p s e d  e f t o r  a  s l i g h t  I
degree of torsional a train tael been. apolloa* hovers! j
■ li
Bznmlzil e h t s  w o r e  i n a f a  a m i  I t  w a s  d i s s e r v e  e e l  t h a t  t h e  t h i n n e s t '  : !
t:ihQ"xiiiuh eld m t timw say.signs of co ll , on tw isting /•' 
h o c ! ,  a  w a l l  t k t e i m e e s  o f  %/%$** en in t a w i a l  d i a m e t e r  o f  
t f r *  . f e a t s  w e r ©  a o w v -  I  ^ 7  c a r r i e d  o u t  on a  s a m p l e  o f  t h i s -
■ M
t u b i n g  w h i c h  w a s  o f  p!msphm?m deoxidised mppor c o n f o r m i n g  H
i  ;
t o  B * o * y * l l 7 3 ,  '  * i ;
I t  w a s  'mmml e a s  in  0 x 73011 f r e e  n i t r o g e n  f o r  t w o  h o u r s  ;
a t  6 5 C i a  a n d  t h e m  s o f t  s a l i o v o t l  i n t o ,  c o p p e r  a l t a n t o  h a v i n g  
t h e  s a m e  U i n r i a i i m  a s  t h o s e  o f  t h e  n o r m a l  t u r n e d  t e a t ^ r i a c e s . ■ 
f i g u r e  5 I I  c r a t e s  t h e  n i o r o * * a t r a o t i i r e  o f  a  l o n g i * *
{  i  s e c t i o n  ^ e  f r o m  a  c o n t r o l  s e m e  X ©  s e n n a  l e d  a t  t h e  r  
r-m, a s ' the ■• t e s t  h f e o l n m * "'" C o n s i d e r a b l e  grain g r o w t h  I
r s u u h  i n  tMo. s p m i n e m  the structure was heavily |
1 *  ~ n s d  m l  t h e  U i m e a e i o n e  o f  t h e  g r a i n s • r e r o  c o m p a r a b l e  t o ,  ■ j
a n d  l a  l e a e y  o . m ?  g r e a t e r  t h a n  t h e  w a l l  t h i o f t n o a s  o f  t h e  :
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Carres illu stratin g  ike rooa tsqper&iure e * ^  s of 
Internal frlotiom resulting from tiia application of eaeoess** 
i v e  i n e r s s e n i s  o f . s t r a i n  a r e  s k o t m  o n  * 1  . 3 ? 0 *  / l l  t h e s e
surras exhibit a rapid dsoreaea of internal, frletlon  
1 mediately after straining md ar® similar in  fern to . 
those of the tm$x p|teli soppor* ' '
111© elie  ^ of rao iaoeej. eorreapon€ias to th® Internal-,
■friction aha amnnrit :xi  on Figaro fS are illustrated  on
Figaro ff# ’ xti® a ive tf ia^rr :al,lrletiQ a twenty fotir 
hours after stra in in g  p l s ^ d  0 a function of total ■" '■ ; 
strain Is  giTon on figure ?&* fhis  eerrs'esai^lts two ; 
major and two s&nor pcs&s* " fhoso m aim  am r e f  looted ■ 
T o r y  e r a  a t  l y  b y  t h e  m i n i m  e x h i b i t e d  b y  . t h e  e u r v e  o f  f r o -  •
gueaoy plotted as a function of applied strain iMotl is
illustrated  on Figure f9* '
Bosaatial features of the internal Frietioa and He* 
quoney recovery precedes are ;$umaris£& In tables la  and ■ - 
13• In Fig *00 tbs percentage amaage of internal friction' ■ 
pBv unit increment- of strain aas been plotted as a funoilon- 
of strain &« FIX the experimental points f a l l
very elase 'to a -smooth earra iacliaaUtig that tills material / 
believed .la a similar mm&$ to tbs isag's pltsli copper*.
!1aQ laagriltudes of the changes of internal frlotlon  E f o ic h
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Fig. 77*
Curves shewing the changes of f i m q m m f  acccfflpanying 
the changes o f internal fr iction  illustrate®, on Fig# 76*
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■ pig#  78*
laieraal frletion  of tubular apooimen plotted m  m '■ 
function - of. applied strata {24 hours aftar straining)*
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Frequency o f vibration o f tubular' specimen plotted  
ms & function of applied strain# (24 hours after  
straining)#
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Fig, 8o*
€ur m  shmin$ percentage ckanife o f  Internal fr iction  
par u n i t  o f I n c r m m t  of strain plotta* m  a function
of a train irmmm&t for tubular ap tcten  previously ■ 
annealea at 85$°c** (Illu strating  eon&itiona 24 hours 
after atralaissg#
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Fig* 81* -
Curve showing the percentage change o f frequency 
p e r  unit of increment of • strain plotted m  a 
function o f strain increment for tubular specimen 
previously annealed-at 850°CU ■ -'(Illustrating
conditions 2 4  h o u r s  after atraining*)
** .X O i **
eeoiarred la  a given t lm after straining appeared to be tie** 
penaeat purely upo& t h e  increments of strain producing them, 
and -were u&affooted- by ttio prior C, ^ee of strain to which 
t h e  s g e o i s s m  h a d  b e e n  e a b j e o t e i *
h h e  f r o ^  l o s s y  r e a u I t s ,  e x p r e s s e d  i n  a  s i m i l a r  f a s h i o n ,  
e r a  I l l u s t r a t e d  o r  F i g u r e  © 1 *  I h a s e  r e s u l t s  s h o w  m  o a « *  
r e l a t i o n  between frequency changes and strain inorc&ents, ■ 
a n S ' n o  r e l a t i o n s h i p  w i t h  t h e  t o t a l  s t r a i n  e m i i a  b e  © s t a b *  
l l a h e d *  f b ©  p r e v i o u s  r e s u l t s  o b t a i n e d  o n  t o n #  p i t c h  a n d  . 
h i #  p u r i t y  o o p p e r  h a d  e s t a b l i s h e d  t h a t  p r i o r  a n n e a l i n g  \  
t e m p e r a t u r e  M i  a  g r o a t  o f f  s o t  u p o n ,  t h e  c h a n g e  o f  f r e q u e n c y  
p r o d u e e d i  b y  a n y  © i t e a  i n o r o n o a t  o f  a  t r a i n #  f i l l s  e f f e c t  s  
w h i c h  o o i i i s ,  p e r h a p s  b o  e x p l a i n © ! - i a  5 a *  o f  g r i d  a a l a e t  
m i g h t  a c c o u n t  f o r  t h e  © 3 r a t i o  I x e r p c j  i c y  r e s e l l 1 i n  t h e  p r o * *  
e & n t  e x p e r i m e n t *  ■ 1*0  g r a i n  a l ^ ©  o f  t h e  s p e c i m e n  . w a s  e x « *  ■
e e p t i c m a X l y  l a r g o  a n d  © o v a r e *  a  w i d e  d l m a n a i o n a l  r a n g e *
I t  Is  per ”1110 that th is  might hair© ^©uaei ■ considerable 
aaatter in the experimental resnit*;
(£) ~^; 7-ay -pfrJ ^ l i t s ,: . ,‘h ,0 11 „vt. pt>; 1 rp pm#In 7 »,
(a) The behaviour of t h e  tub: 2 nr apf aJm.ra w a s  vary s i m i l a r  . 
i t  o r a l  a h a r c a t e i r  t o  t h a t  o f  t h e  s o l i d  s p e c i m e n s  o f  t o n #  
p i t c h  © o * y o r *  H o  e s s e n t i a l - d i f f e r e n c e s  w e r e  n o t e d  i n i t s  
response :to m M  working# ; m a .
{!>) The ohangeatof internal■• fr iction  eoeiu/riry..in a':gi?en 
t i 330 after the application of any strain inorsnoirt were
*  105 ~
eoap&r&felo la  to those of the tcmrji plieh mj)par* ■
Shcy were in ' j eat of the-total ©train. ahieti feat hoaa - ■ 
s o p l i s i l  to the s p e o i a o n .  Gncl. w e r e  directly related. t o  ttio 
strata 1 noronontop. ’ .eiag then* . •
'{©) The ctmn^co of _ jic&ey' <&<mrrlng after the application 
of strata increments appease! to ha relate! to these strata  
In^reaehis hat scatter of the esperifioatal results -did not 
permit any definite conclusions- to be reached oa tMa point#
c  -  ■
o.X* p j t e p w j s i t m ,  ,&£. jc e e u ltg ,
3 i  w o r k e e s e r i t r o d  l a  t h i s  t h e s i s  h a s  e s t a b l i s h e d  
several effects which we hollered to bo Mm to tk© literatus?© 
of .tlila subject* & of the essen tia l points Is- pro** .
sent©a baicer iijafior appropriate headings so as to  form a 
sa tisfy ®i'jvj bmi® far discussion*
| s )  L ’ - T o o t .  o f  s t r a i n  ■ ■ ■ ■
' ■ Curres of internal* f r ic t io n  plotted as a function o f  
increasing pXastld s tra in  iiw-arisMjr c lo i t  a peak -vala© 
although ■ tiio shape a* the aurve as a whole vary*
Impending upon the previous neti IXtirgtaal history of the . 
spmimxm ono or two sooanC&ry peaks m y ex ist oa the curva* 
I t  lias boom shewn \fiat the primary mslma ay© ©skibit©& 
whether the- s; sol; mao are strained either in  tension' or la  
torsion* .. In this, ^ejHrs& q%miler effects  are observed 
w i t h ,  c a p p e r  s a m p l e s  of o i t h e ®  oo^arciaX or very 
purity*
fhese re su lts  eontx&dlot the. recent fiafInga of fpJoter*. 
B&n^ert an & taag^3  ^ who reported a monotonia increase of 
i n t e r n a l  f r i c t i o n  w i t h  r e d u c t i o n s  o f  c r o s s ' s e c t i o n s !  e r e a  
u p  t o  9 0 3 *  f i x e  r e s u l t s  o f  e a r l i e r  w o r k e r s  are. e o i s f l t a e i *  
however* ■&©ner,:Clark© and Galth^*^ and Xrwsoii^^ dealt 
with polyerystiaHine samples which had loon strained Xoagti-
im (m}
t-aiiasXXy* whereas llasiipiti •. dealt with single
mmimi on t h e i r  murtm of Internal fr iction  p l o t t e d   ^ mat
d e g r e e  o f  s t r a i n  i t  i s  tmpmtmt  t o  e m p h a s i s e  that their .
expert sm ts war© carried oat by physical methods at fre*
i^ mnoim in the IdUocyoXe range* '
' 'In' the Xm employes la  the present
r e s e a r c h  t h e  only published t m r h '  a *  f o r t i f y  a n y  b a s i s  of
i l l )
comparison is  that of Boulanger' , tJho mode experiments 
on a a ic to l ohrxiiun alloy with a c&evenard, Mo$o~$mMLim*
l i i > l 0w  o f  t l i e  a l l o y  s t u d i e d  end t h e  e x t e n s i v e .  p e r i o d s  of
g given subsequent to- straining { *? hours at- 100* C)
It' is  oS/btfiil whether Boulanger*s results mm bo considered 
comparable to those described in  the . preseat thesis#
(b) foe effect o f?   ^ itjn -
■ the imth®mmX: ohmgoo of Internal fr iction  which • occur
la  a given time subsequent to the application of a strain  
inorormnt to a spedmn depend npan the purity of the 
material being strained# la  the -ease o f the commercial 
copper studied in th is research {total disparities rj o*m ) 
the. internal fr iction  invariably decreased with tine after 
straining# With copper of high purity (to ta l impurities 
AJ 0#004^| increases of internal f r lotion with- time after, 
straining have been observed*- ■
So far as can be ascertained, th is is  the first' time 
that the effect of impurity levels on the relationship
between'strain* latorwcl fr iction  uad tin© has toea 
Comcastrated* '
{cl i olc'tlr  ^ iiia betwr ** * strain Induced Internal friction  
and olerrii© r*o ? ’3 s*
I t  km  been confirmed that conditions of Mgti internal 
fr ic tion  in  a strained' aaripXe invariably coincide w ith.con* 
ditlons o f low e la stic  mdmtas* flila .faot was previously
(PK\'kreported by Lawson' t u t  t o o  received th© a t t e n t i o n  o f  m  
other w o r k e r s *  f to  X fm rm & m  o f  f rogaency which aoesnprny 
■the changes o f  internal "friction a f t e r  s t f a l a i a g  w a r ©  f i r s t  
reported by Ulster and E o sea tto l^  f who seea to bay© re* 
g&rded'th© effects &a~ being coii i^omo&t&yy and d irectly  
r e l a t e d #  T i m  matter has not b e e n  studied b y  o t h e r - w o r k e r s *  
i , s  a  r e s u l t  o f  t h e  p r e s e n t  r e s e a r c h  i t  t o o  b o o n  a o a ^  
e l u d e d  t h a t  t h e  I n c r e a s e  o f  . f r e q u e n c y  i s  &m  t o  a n  i n c r e a s e ,  
o f  e la stic  m&klm  a n d  i s  n o t  directly r e l a t e d  t o  any c h a n g e  
o f  in tern a lfr ic tio n  which might to simultaneously occurring 
f l i o s ©  o o n o l u s i o a s  have t o o n  a r r i v e d  at © a  t h e  b a s i s  o f  the 
fallowing evidencet*■ '
11} II10 He* easy of vibration invariably Increases with 
t lm  after straining, ?Ml© the internal fr ic tion  . 
sight increase or doorcase, depending upon the purity 
■ sM heat treatment of the specimens#
{11} Ttm change© of. frequency which have been observed are 
, may times greater than could to accounted for by the-
m tham tioal relationship fcetwaa Internal fr iction  
m& froqueaey in  a t&teaiimg. oystoa of mrmtmt 
BlittnBBB* ■
U ii)  in  the ■ of . t&o eom aroially pure' m ter la ls  
,  exdalssed i t  has tiaaa established t h a t  t h e  changes
■ . of internal fr ic tion  occurring after straining :&ro' ..
dependant pureljr upon th e ' attain .' increment causing ' ; • 
them. ftiey are independent o f any prior strain, 
applied te the speaiBona and are unaffected fey the 
^temperature a t to leh  the spe©toms h&ira feeon greTlstta** 
i j  aimealei# 111# corresponding elianipa ©f frequency-
■ how©?©?* &lthou.£$i i n j e p c t o e n i  of .the ooouat of strain 
previously applied to the spsoiaea, are greatly ' ■ 
affected by the tempos « 3 a t  toloh the' apeeimane •
I im® b o o n  previously. a n n e a l e d ,  
tlxr) to  a n a l y s i s  of - t h e  shape o f  t h e  esperiiaeatal'curves 
h a s  s h o w n  t h a t  p a r t ' o f .  t h e  r e c o v e r y  p r o c e s s . w h i c h  ■ 
results in a c!i nje of Internal friction  after strain** 
lag i a  a n a l o g u e  t o  a  f i r s t  o r d e r  r e a c t i o n *  s i m i l a r  
o e a s i d e r a t i s a s  d a  oot apply t o  t h a t  p a r t  of. ifi© re** 
covozyr process roealting ..la an increase of frequency#- 
(ir) to&aallng a t  t e m p e r a t u r e s  wo 11 fesXcn? t h o s e  required 
to e m m  softening or recryotnllisatloa virtually  
e l i m i n a t e s  t h e • Internal f r i c t i o n  c a u s e d  f e y  cold m i  
l a g *  t o e r o a s '  t h e  e l a s t i c  m o d u l u s  i s  o n l y  s l i g h t l y  
r a i s e d  e s  a  r e s u l t  o f  t i l l s  t r e a t m e n t *
— .1,1*0 **
{ c l |  t f t m %: o f . Pmr. u  ■1 ,e  
o f  t h e  . . s t r a i n  f / u h n s d  I; ~>v. p i , , ri^  . c  t t  17*
■ ftie inc« „  3 o f  i n l , v  s i  f r i c t i o n  oouaed by cold w o r k ­
i n g  I n c r e a s e s  m l t i i  t h e  i o ^ e r a t u r ©  a t  t i k i  e l l  t h e  a p e e t a s f i  
k a s  b e e n  p r e v i o u s l y  r m : j u i c C U  * l a  e f f e c t - h a s  n o t  b e e n  
p r e v i o u s l y  r e p o r t e d  l a  t h e  l i t e r a t u r e  o f  t h e  s u b j e c t *  .
Itiese result a ore not; saff la ten tly  detailed to x suit 
of any ce fia lts  conclusions toeing drawn. so to precise.■ 
laschanisn responsible for tbs internal friction  ceuaacl by 
eold working# la  vie?i of. tbs -low rate at foMoti the cold 
work la iu c e i. ia tersa l fr ie tloa  increases .witti amplitude.of , 
Vibration however, i t  cw-4  ^ 11 koly that energy dissipation  
at tlieae lor fre-|uonoia ✓ is  caused by relaxation fraooaseo . 
rather than by the eseb.riua of 'static -hysteresis post * la ted 
by Hawick* 2Ms' eoueVjoloa la supports! by the tsrrex-otnra 
dependence observe! a Ueb 1 ^  ta that the non* elastic  pro- 
ceases sm thermally active*\1*
I n  b i a e a s s l a g  t h e  g e n e r a l  e f f e c t s  o b s e r v e !  i t  i s  i i a p o r t ~  
a n t  t o  distinguish c l e a r l y  b//;eooa t b e . » c b a n l M  0 1 A*** t h e  
c o l d  w o r k  i n d u c e d  I n t e r n a l  f r i c t i o n  a n d  t h a t  ' r e s p o n s i b l e -  f o r  
the r e c o v e r y  p r o c e s s  a t  mm a n d  e l e v a t e d  t o s p e r & t u r e s *  
f f i e s a  t w o  *  o t s  a r e  d i s a o c c G d  s e p a r a t e l y  u n d e r  a e p r g  s l a t e  
l i e a a i r ; ^  a s  f o l l o w s  8 -  •
I . J;t fr l etlpn [i.e.sused by...cold; sy. s .
fh.0  temperature dependence of the Internal fr iction
** XXX **
effects ©boerred criggsota that they are canoed l>y thermally 
6 e titrated processes*. l&e Ims ■ activation energies associated 
with the prom^ m mahoa' i t  unlikely'that they are concerned 
w i Nf c &  a t o m i c  m i g r a t i o n *  • .  X t i  g e n e r a l  t o i a s  t h e  r e s u l t s  o h *  
tainns s;ro moat readily Interpreted in ten of the tso con** 
ponent system previously ilsoaesed# . In th is postulated 
sy$tesf i t  w ill be ronanharais cold working is  considered 
to introduoo a widely dlsrerooi rlsoons phaco into a per** 
footly e la stic  matrix# ■ : nergy is  dissipated daring ribra- _ 
tioa ©a a rem it of re ten tio n  processes la  the timm® 
material*' , ■. - *
•- t o r  t h e  p u r p o s e s  - of. t h e  proof a t  a i a o a a a i o a  n o  p r e c i s e  
d e f i n i t i o n  o f  t h e  o o  *  c i t a t i o n  o f  t h i s  v i o c o u a  c o m p o n e n t .  l a  
r e p a i r e d *  I t  I s  a a j u m o d ,  h o w e v e r *  t h a t  p l a s t i c  d e f o r m a t i o n  
h a s  t h e  e f f e c t  o f  n r l t i p l y i n g  t h e  i m a & o r a  o f  I m p e r f e c t i o n s  
p r e s e n t  i n  t h e  u m r o r t e l  . m a t e r i e l -  a n d  p r o d u c i n g  s t a b l e  a r r a y s  
o f  .dislocations* T h e s e  ms. bo in t h e  f o m  o f  p i l e d  u p - . c o i r *  
c e n t r & t i o n s  a t  t h e  o n 4  o f  - s l i p  p l a n e s  a s  p o & t a l a t o d  f e y  
’ Ir networks as saggestea by or cry sta llite
t  ^  nz^:lm  p r o d u c e d  B y  f r a g n e  ^ t a t i o n ^ * * ^  i n  t h e  c a s e  o f  
h e a v i l y  c i e f o r a e l  m a t e r i a l s *  .
I t  i s  c o n s i d e r e d  J  f c  a t  t h e  f r e q u e n c y  o f  v i b r a t i o n  
e m p l o y e d  i n  t h o s e  e g p o r l & e a t s  e n e r g y  I s  d i s s i p a t e d  b y  t h e  
l o c a l  s o m  n ' t e t l o m  u n d e r  s t r e s s  o f  t h e s e  r e g i o n s  - o f  h i g h l y  
distorted la tt ic e  striictnro* the relaxation processes r©*» 
s p o a s i h m  f o r  e n e r g y  d i s s i p a t i o n  u n d e r  t h a o a  e o n d i t i o n a  a r e
•** X 13  *»
t h e r m a l l y  a c t i v a t e d ,  a u l  t h e  i n t e r n a l  f r i c t i o n  w i l l  t h e r e f o r e  
i n o r o e o o .  w i t l i  t e m p e r a t u r e *  . ' . . .
. . V i s c o u s  b e h a v i o u r  a r l s d s  f r o m  t h e  h o t s r e n t  o f  d i o i o c a ~
fclons u n d e r  the a r n l i e d  s t r e s s  o f  vibration*.'■ ■ In order, t o  
r e l i e v e  the strain energy o f  the .lattice-.dislocations .tend 
to associate tnerajoltos with energy barriers - such, as impurity 
atoms vhlch i r a s o J o  their movement# X t i o  mov * >t o f  a dls** 
location u n d e r  t h e  action o f  a l o w -  a p p l i e d  a t r e s s . w i l l  d e p e n d  
upon the occurrence- of a .thermal fluctuation largo enough t o  
permit the' dislocation to surmount i t s  energy barrier# Tlia .
c a
e n e r g y  d i s s i p a t e d  p e r  c y c l e  o f  v i b r a t i o n  i s  c o n s i d e r e d  t o  b o  
a c t a  t o  t h e  i n t e g r a t e #  m o v e m e n t  o f  l a r g e  m e m b e r s  o f  s u c h  d i e -  - 
X o o a  t i o n s  w l i  1  e h  .. o  {j a  e  a  s  & a  . % o  t i . - i O  i , p  j a * *  s  l a s  H  o  s t m i o ,  o  sv..s .j o a  - m l  # 
S h e  o  o r a t i o n  o f  e u c f c  a  t t w *  * a . y  a c t i v a t e d  i s s T  *  I s a  
l o a d s  t o .  v i s c o u s  f l o w * -  tliearxng p r o c e s s e s  o f  t h i s  t y p e  
h a v e  been . d e s c r i b e d  b y  »  o V o w n ^ b )  and P o l a n y i t y o U
*ilm r e s e a r c h e s  o f  w o o d ^ ^ -  h a v e  c o n f i r m e d  t h a t  l a l e r o o r a a p -  
occurs as the result of a. aim uu4,'mechanism* E o^^ shows 
t h a t  t h e  r a t e  o f  f l o w  i s  p r o p o r t i o n a l  t o  t h e  a p p l i e d  s t r e s s  
a n #  v a r i e s  w i t h '  t e m p e r a t u r e  . a c c o r d i n g  t o  a n  a r r l i o n i u s  
e q u a t i o n #  .
' froaessea' such as these imiat operate within the eon*
s i r o X a t s  i m p o s e d  b y  t h e  s u r r o u n d i n g  e l a s t i c -  m a t r i x #
CfU’
£ o n e r  ■ h a s  c o n s i d e r e d  t h e  m a t h o p t i c a l  i m p l i c a t i o n s  o f
a  t w o  p h a s e  s y s t e m ' o f  t h i s  t y p o  a n #  h a s  d e m o n s t r a t e d .  t h e
** X X 3 **
great magnitude o f ' the ©ael as tie  .efforts whioli eea bo pro-* 
d u o e d  b y  a  n e g l i g i b l e  q u a n t i t y  o f  v i s c o u s  m a t e r i a l *
1§^64  ^ has developed a:theory to account .for the anelastlc 
phenoaeaa associated with the viscous , boh -viaur of grain, 
boundaries n t IticJt temporal -  - *  G r a i n  bouaOariea. in  &■■ 
fu lly  reorysfcallised m tsr io l constitute a reasonably. 
regular -/'tu oal army* thus leading to a well defined 
p e a l s  on tim  internal friotion- ourve.*
A rcrnxteble feature of the two eorponent system con­
sidered by aener* tomvcsg is  the t  variety of reiesa- 
tlqa.spectra possible# • XffWito similar to those eed- 
by cold.wor&la was be Interpreted'in tonis of a dl 
iion  of either the., shape or else  s f  the non-elastic region©* 
Sieso.regions could for example b©.considered as platelets 
ouch as m!#sb arise from, the- concentration o f  dislocations 
on s lip  planes* Ouch regions would a l l  have a similar 
t&lotaoos bat would have different areas# Complete stress' 
relaxation on the larger areas would involve a larger shear 
strain,, and oorroopo?\di ugly 1 x\>'~ relaxation tines# . The 
distribution of relaxation tiaea would therefore follow the 
sire  distribution of Hie platelets*
■ Conversely .J'the viscous phase laight be■considered as a 
n e t - w o r k  f  l o s i n g  t h e  e X & s i i o  m a t r i x *  • . A  w i d e  r e l a x a t i o n  
speetrun in  such a case would result from a distribution in 
eise  of'the polyhedra forming i  * network* Biaiooation
XX& *
networks of th is tfpe hm®$ la  tm%$ hom etoerrei -aai -: .
photo^aptod in strained erjstsXs of s ilver bro&ide^V. ■ 
la  Tie i^ of .the. Malted amount of quantitative escperi** 
mental evidence available a mre. areola© interpretation of 
the f  motors: eaasincE tho. Interfax friotio&indueed .ooM 
votktnc wtmM -bo somewtiat .pmrriture* aa obvicms m |or  
difficu lty . Is to meecmt for'the low aotiT-'tloa :ene%salos - 
associated with the effects oh *rved« • -OotterelX^^ * 
using the i m ilts  o f line!©* X X  m il  and strost©^^ too . 
calculated the m tfr u t im  .energy associated with. the pro** . 
cess wtie^  thermX fluctustJc~o enable dislocations. to 
oferoose their barriers while,unlcr email applied'stresses, 
for the ease of copper containing ispiritjr concentrations 
in  the range of XCT^  t§ 1.0' th is earn *7 was approslmtely 
£4 ktoal/mle.*- fills  m at he cmpared with the train© of 
0 ic*eaX/mel0 date: i r  X in  the preseat research# Om , 
method of ©pprsaoMxig the problea would to to consider the 
hi$h stress concentrations eslstins' at the end. o f a Blip.
11no fu l l  of mobile dislocations*. i t  has been shown 1>f 
f r a a l t 1, ~  t h a t  a a e h  a l i n e ,  b e h a v e a  l l f c e  a  s l i p p i n g  e r s e l s  ■ 
aai that stress /concentrations. at the end of the-lino can ■ 
a p p r o a c h  t l i e  f r a c t u r e  a  t r e s s  o f  t h e  m a t e r i a l *
itse existence of each high otres.sea a t  the o&d of a 
.line of p iled  hip a lslaoa tieas  m a t to re  the e ffec t of re** 
toelsg  the thermal fluctuations m oeesary.for in i t ia t in g
** Xin. **
flow i n 4or the motion of. ©n'©sternal applies! stress# The 
ootlvatlea energies' assoc I a ted isith the th©~ d ly  &etimt©d 
© l i p  _ of such TBgimrn would. therefore be lower than thegrain© 
o f  k*cal# calculated b y  . C o t t r e l l ,
<& • factor which m at also M considered i s  tit© variation 
with temperature of iho interaction between irnrrity  atoms 
and dislocations# . j!io iralue of the thermal fluctuation, 
repaired to Indue© iDtaieril of a dislocation under the . 
action of a r,lT©n applied mtm&B w ill bo largely do to utoei 
by the extent to which the dislocation lias eoeamlatoS .an 
* .  v ,  tilth Icm riiy  otoma* . Conditions Influencing •
trie f tton of t la location atma?heres have- been consider­
ed by Cottrell***^. In oomectiosi with hi a theory of strain 
ageing * • The ease -of carbon and ultra: *gi to iron Is an
extreme ana Xea&lngf to condensation and tine production of 
a discontinuous *l&ld point* In geaoral^ however* din- 
Xocatlona w ill © till bo locked, by tepurilfes erea i f  eon* 
denoatloa boos ' n o t  o c c u r *  ■ ' .
T h e  f r a c t i o n  o f  a ¥ a l l a b i a  s i t e s  l o f t  n a o e e t i p i e d  b y  •. 
I m m i t f  a  t o m  i s  a e t e r j & i n e a  b y  a  ' B e i t o m s s i  f a c t o r  
©  I S f *  w h e r e  ?  i s  Um I n t e r a c t i o n  t v n  j  b o t o e o a  t h e  s o l u t e  
atoms and • dislocations# M the temperature increases the 
a u & b o r  o f . d i s l o c a t i o n s  effectively  t i e d  d o w n  b y  t o p i r i l i o s  ■ 
doore&s©©# ■ r r to C le l^ 1^ 7 , estimated tIiatotoo Tain© of gf
i n  t h e  e a s e  o f  ©  f l a w i n g  I r o n  a s  a n '  i m p u r i t y  i s  o f  t o e
m i l l  —•
order of 0 k/mtsfml&* The wide distribution of t!io e lse  - 
factors of too r T itles present la* for ostoitol©* the 
tckicJi pitch copper used la  too present research would 
rehtor  ^ y calculation. of.-the effective  Interaction 
anergto ; involved oempiloatad © m m  _ to* particularly ■ 
in view of too foot that ¥ is  mt a constant bat-varies with 
to© eo e~ ^ration of i * i Ities# It ia t howover^'reason­
able to suppose tlmf 'toe .goriaral relationship between fils- 
loeatioa ateeapueroe end torg orator© could lead to varla- 
liens-Of internal fr iction  caeecrable in  magnitude to - those 
actually observed#
The Increase. of • effective  activation ©torgy with temp­
eratures observed in too present ea&erlssnts suggests that 
two factors having different mtimtim energies are acting 
in conjunction# It has ba©a demonstrated W Stoner-&s^  that 
two independent meelmatoBs can eonhiae to produce curves 
similar to .those on figure 20* The effect i s  particularly 
evident In the case of tlia lower mxm m this figure* toieh  
i s  obviously duo- to toe euper-nosifclon of toe cfcralc&t lines#  
Hio.apparent activation jy  associated with toe low 
tu g  m t  are exponent Is eqejpm He In magnto to with a. . 
fietoraimtloa nafie by Kowiek on single crystals of ■ 
copper vibrated In toe- kilocycle range*
m u c h  c o n s i d e r a t i o n s  m h o  I t  n o t  u n l i k e l y  t h a t  t h e  
tm p e r a t u r o  d e p e n d e n t  p a r t  o f  t h e  I n t e r n a l  f r i c t i o n  d u o  t o
** X V? **
c o l d  w o r k i n g  ' h a s  c o m p o n e n t s *  . f f m  l a w  t e m p e r a t u r e  o x  p a -  
n e a t  I s  i u o  t o  t h e  e f f e c t  o f  t e m p e r a t u r e  o n  t h e  d e n s i t y  o f  
dislocation. atmospheres while the Iiigti temperature .effect is  
c a u s e d  f e y  th ' l l y  a c t i v a t e d  v i s c o u s  f l o w  i n  r e g i o n s  h a v i n g  
a  h i  e h  c i o n s  i t  f :  o f  d i s l o c a t i o n s *  l l i a h  f u r t h e r  n o r f e  w i l l  h e  
'required to- v erify  th is  h y p o t h e s i s *  . • ' ' ■
3 *  p h i a , r e e q v e r y g r o o u a s  a f f  t m y  . ■
r e c o v e r y  a t  r o o m  t e m p e r a t u r e  i s  e o n a i d e r e c l  t o  f e e  a  
a hat complex process, different laapecta of. which result 
i a  t h e  . c h a n g e s  o f  i n t e r n a l  friction a n d  t h e  i n c r e a s e  o f  . . 
e l a s t i c  modulus w h i c h  o c c u r  w i t h ,  t i m e  a f t e r  straining*
O n l y  t h a t  p a r t  o f  t h e  p r o c e s s  w h i c h  r e s a l t s ,  i n  i n t e r n a l  
f r i c t i o n  c h a n g e s  w ill h e  d i s c u s s e d  i n  t h i s  s e c t i o n *
A s a t i s f a c t o r y  t h e o r y  m u s t  a c c o u n t  f o r  t h e  f o l l o w i n g  
g e n e r a l ' e f f e c t s  w h i c h  w e r e  o b s e r v e d  i n .  f c h e s ©  e x p e r i m e n t s s « *
(a) !The decrease of in te rn a l f r ic t io n  with time a f te r  s tra in - 
lag wMoh occurs Inevitably  ia  the case of commercially pure 
materials* . : '
lb) In toe case of high pu rity  m aterial the type of change 
which occurs a f te r  s tra in in g  depends upon she temperature 
a t which the speoinen has ; *.cvitraely been cnnoalod*' ■ After 
annealing a t  high temperatures s m l l  s tra ta  increments cans© 
th e .in te rn a l f r ic t io n  to increase s lig h tly  with tims*
A fter a n n e a l i n g  at* lower tenpor&turoa email s t r a in  i n c r e m e n t s  
c o n s o  1  a  t e r  n a l ' f r i c t i o n  t o  Increase s l i g h t l y ,  w i t h  t i m e * .
to) itie application of s tra in  to ■ spec tern  till  oil h m  already 
boon subjected to a canalderabl© defo liation  always re su lts  
in  a decrease of in te rn a l f r ic tio n  with tiira* Bath high 
purity- and cohere  lo lly  pure capper behaves o ls ilis r lf  la  
th is  ta r ta r  I;*
Id) l 5'D i \M  in i t i a l  r is e  of in te rn a l f r ic t io n  which precedes 
the go acral decrease a f te r  highly strained  high purity  copper 
lias bean subjected to fa rth e r iuw iu^al of strain#
Hie s tra lg v t f in a l portions of the curves plotted o a . 
ligitrcts IB, 46 ana 73 s s ^wOt that that part of th e  recovery* 
process which re su lts  i n  a change of in ternal friction , la 
analogous to a chemical reaction of the f i r s t  order*
Changoa of 'in ternal f r ic t io n  can bo  ragaraod as being due 
to changes la  the concentration of tho ■ components behaving 
i n  a noH-elsatlc Banner* la  a' previous' m o t i o n  i t  was 
postulated ■ tha t v, -cce c c mats regiuna having a high ’ '
concentration of gI s locations*
In view of the fac t that partial, recovery occurs a t  
room teiap era tore /with both graces of copper end tha t even 
with kl<Ji p u i ty  m aterial v irtu a lly ' complete recovery 
occurs a t teigperatapGs as. low-as XG0y0 f a redaction of the 
t - t - l  eosoestrati cm of ots lo c a tio n  is  not likely* . i t  
e ;pcora reasonably  therefore , to suggest a iaecha.nls a 'load* 
4/gj to  an a lte ra tio n  of t ie  character of f.oco aon**elastio 
components*. •"
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f!i0  postal©tod la  on© mhl&h' depends tspon tlia
in ternetion  between dislocations ©ml impurity atoms and 
accounts for the &i ffe ren i e ffec ts  observed v/it!i t-muga pi tea 
and high purity  copper* ' Bilbjr DaGpestecl In tha t
the recovery of the-'e lastic  p i^porties of a tta in e d .m aterial 
might be dae to the migration of impurity atoms to dislooa* 
tions Vfhieli mv® thereby rendered immobile* fti© effec t 
might porhsipa uocount for tlio irory tiicSi degree of tm m oxf  
exhibited by ©trained. iron  f because of the cjn^m vsiw
m obility of nitrogen and carbon atoms in  th is  m aterial ©Tea
- . ,^ >  '
et room tempera taro* la  view of the iow activation
er&rgle" associated with the sffo sta  observed in  the present
eKporimeataf a more probable explanation involves the m  ;<
*
ioa.-.o'f d islocations to  impurity atoms* ■
i -
Mtlxomhi tliose -processes s ig h t a t f i r s t  be considered 
u ,iT,pioments.ry a c lear distinction should bo maintained be-* 
tv/$ea them* . ■ ooiate atoms become ■ mobile under the action 
of r s j5oo,,» thermal fluctuations and are naturally acted upon 
by the s tre s s  f ie ld s  of cisloeations* iM sr those eomdi- 
tions they omrregrt© on those s i te s  uhleh permit them to 
re liev e  the hydcootable compo/ieit-of the s tre s s  fie ld  of the 
dislocations# ' I t i ©  s e g r e g a t i o n  p r o d u c e d  b y  each a p r o c e s s  
i i ta  in  a r u  t vioa of .the s tra in  energy of - the ay©tea 
as a- otiola and is  therefore an V pil librium condition*
A t . l o w o r  t o u p j e r u t a r e s  dislocations b o  c o m e  m a r e  m o M l ©
; O P a th  OF D i s l o c a t i o n s
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f im  pa& saga o f  d i s l o c a t i o n  t h r m r h  m l a i t i e o  
m regular mrnf of ft«*?u*itgr a to m s*
than impurity atom*  fba migration of a. d islocation to an 
Impurity atom rexictres i t s  fo iu m trio  s tra in  energy bot a t  
tlia &mm time mmiltm in  m  increase of i t s  lin e  tension# 
e d islocation  t r i l l ' t r y  to pass throm#* 0 0  many impurity 
.> possible' but at- too n i l !  endeavour not
to Increase i t s  lino  tension*. . *Bio buivioa achieved i&llX 
oopeM a ,^n the configuration adopted by the dislocation 
and nay not .be one of true equilibrium* ilia general case 
of a dieXooati021 toning a path thorn i an array of
impurity o f  a tons is  of Importance in  correction vilth 
theo re tica l  ^tn ealoiilatioae ; nl has been discussed by
20ott^u^ »   ^ " *,tVs treatment i s  h a u le r  eonoerned n itli find-*' 
lag tbs s tre ss  repaired to  te a r  such a d islocation  auay ' 
from i t s  loshlag points ami-begins u!t!i a dislocation already 
in  sig-sag' fera* " •
A m m  a p p r o p r i a t e  a p p r o a c h  f o x  t h o  p r e s e n t  p r o b l e m  i s  
t o  c o n s i d e r  t h e '  c o n f i g u r a t i o n  -%£km 00  b y  a  n e v s l y  f o x s a e d  
dislocation# For pnxjo^o  of the present discussion th is  
S u b  j e s t  l a  t r e a t e d  g r s f i i a u l i y #  I t  i s  o s s u m e d  « \  . &  t h e  
impurity atoms are repu larly  sxrapod on the la t t ic e  sboro. 
on Figure $2 * M alooatlons of *t laaglli are indicate
o l  by a o o  XI2 ,0 a Oss^  1 Ow*.<n $ UU5, e t c *  ■ fho n l g - a a g '  p a t h s  
a h i e h  t h e  c i s l o c a t i o n s  m e t • f o i l *  i n  o r a a r . t o  p u s s  t h r o n g  
n e i g h b o u r i n g .  i m p u r i t y  a t o m s  a r e  i n d i c a t e d  b y  t h e  h e a v y  l i n o s *  
l i i e  i n c r e a s e  i n  i s  i g ’J i  i n v o l v e d  b y  t h e  a l g - s a g  p a t h  i s
** X ZX  m
pri a function of the asgia Milch the d islocation
mhos through the la ttice*  ■ Booon&ary changes of length 
cm  to elistppe a t & are neglig ib le hotng §ue to the fa s t 
tha t 'the mope of the diagram l& Unite® eanpare® ■ vsIth the . 
■distensions o f ' the la t t ic e  ©pacing*
ffie mean m luo of the Im t  c per units length of 
locations in te rsec tin g  the la t t ic e  ewer a. ten ,let®  sector 
of §0 ° has been found to he approximately 0*06*
r * ehmm of energy per u n it Knglh &m to an in i t ia l ly  
s tra ie fit d islocation  m m M ng: th is  sig-'&ag path i s  therefore
where 0 * modulus of r ig id ! t j
a « iatorate.Mio clistu aeo#
1 * £  * • r a t i o  hetweea r a d i i  of solirent and so lu te
otoms* . .
where f  » lino tenalon of the disloa&tion
? a iem* at ion 'onergy of d islocation  with 
i n  z i  i f  a t ®m». ' -
d * c eing between i* » r ity  atojaa*
low T « Ga  ^ and ?  * t  &<*
in s ti tu tio n  c 0  Falaes-/leads to the formulai~
£  osa he t e tm  &s f \ J
I t  c a n '  b e  s e e n  froa thi loa that only wliea
Litii t s  o f  St r e s s  F iel \> o f  
D i s l o c a t i o n  L in e  i
d i s l o c a t i o n  to  re la tio n  t o  . 
h a v in g  a  r e g u l a r  s p a c in g
S t r e s e  field  o f  an 
a n . a r r a y  of impurity atoms 
of 3.0 atomic diameters*
P l a n eS u p
D i s t a n c e
Curve showing ■ the• e f f e c t ' 0# s e l f  annealing on hardness 
c u rv e  to. t h e  n e ig h b o u r h o o d 's f  a  s lip  plane w h ic h .-
remains hard (a f te r  Browa^}#
• *  t Z Z  m
d < jg a  w i l l  t h e  e n e r g y  r e l i s t e d  b y  i m t a r i t j r  lo c k in g  h e  - -g re a t­
e r  t h a n  t h e  i n c r e a s e  o f  e n e rg y  due t o  t h e  s t r e t c h i n g  o f  t h e  
dislocation* A value of & ®* 3a eorresponda to .an 1:v e r i ty
coneeatration of ammmtmately 0«04* For concentrations
t
lower tliaa th is  value a d islocation  tom  away from i t s  
l o o k in g  atoms w ill h a r a  l i t t l e  te n d e n c y  to lie  lo o k e d  a g a in  
Wil^m i t  - t no against .-a'h 1 of some type#
f to  V uo defect of tlia ou ' >lng argument la  • th a t i t  
neglects the width of the s tre ss  f ie ld  of the d islocation 
which;i s iregarded aa a lino* the s tre ss  f ie ld  of an edge 
d islocation  os toads to e ith e r sids for. a fiataaoa of 3 * 4  
atom s^ac ingst^ '^  * ■ f ills  f i n i t e  width g re a t ly  reduces 'th e  
charge of length needed fo r  the d islocation  to  in te rac t with 
Immsrity atoms* . i t  la  -only when. the  width of the s tre ss  
f ie ld  hoQamB neg lig ib le c , ared with the .displdv ^eafs of 
the sig*sag path tha t in te rac tio n  between n fixed impurity 
atoms and a mobile d islocation  becomes unlikely*
fig u re  83 shows dlagrairiatloaily  th e 's tre ss  f ie ld  of 
a d islocation  in  ro la tto  f hi to m  array of impurity atoms 
having a spacing of 80 ae^mia diameters# The.stress f ie ld  
is  assumed to extend cm either side for three atomic epaolngs#.
©its din-gran is  intended to n  „ mnt conditions in  
which SuiterueUcn m tm m  im parity a t o  and a r e la t iv e ly  
i ^ l i lo  disl^v iion has- bee erne unlikely*- .Bapid-interaotion, 
with ccnsG^uent doorcase of 'iu ta re a i . fric tio n ; is  to b a e i -
* iS 3  -
peetet at higher concentrations# At lower concentrations •
n © l i g h t  i n  . m  o f  i n t e r m l  . f r i c t i o n . a f t e r  s t r a i n i n g ' H e i g h t  
h e  ' e x p e c t e d #  t h i s  w o u l d  r e s u l t  f r c s i  i l i a  r r e J i i a l  operation 
of the line  tension ®T the. dislocation* Imrodlatoly a f te r  
s tra in ing  most of the dislocations fc**; *.C w ill have bo.en 
IitouAht to re s t ' feyy and- be 'in  intim ate ■ association with* • 
impurity atoms* In general a d islocation  l i r e  w ill he ' 
jammed arid irreg u la r although i t  w ill be reasonably well 
looked* in  Increase of in te rn a l f r ic tio n  might re su lt : 
f rv i  if a gr ke X e_ "a linn  of th e 'lin e 'te n s io n  of the die* 
location which by pulling i t  away from soma p i  i t s  looking 
:  r t s  and thereby s tra l^ ito r ln c  i t  e a 1 t a ffec tive ly  reduce 
i t s  to ta l energy# •
1 ' 1
. ofisse thraoMiold co&Utl 0 .1» are b e l i e v e d  t o  e x i s t  Ohm 
t h e .  a v e r a g e  d i r t s  s e e  b e t w e e n  i i r n r i t y  a t o m s  l a  o f  t h e  o r d e r  
o f  3 0 '  a t r ' i o  s o e e l a n s *  l i i i s  c o r r e s p o n d s ‘ t o  a n  i m p u r i t y  
r e u s  t r a t i e n  o f  a p p r o x i m a t e l y  e # 0 G 4 $ *  A t  d o  c o n t r a  W o n  ■ 
l e v e l s  o f  t h i s  o r d e r  i t  i s  p r o b a b l e  t h a t  %ho m a n  d i s t a n c e  
b e t w e e n  I m p u r i t y  a t o m s  b e c o m e s  e a y *  M e  i n  m a g n i t u d e  t o  
t h e  e t r e x a g a  l o i g t h  o f  , v  © l o c a t i o n  l i n o s *  F r i o d e l ^ i  c o n *  
eludes t h a t  d i s l o c a t i o n  l im a  in  u n w o r k e d  c o p p e r  h a v e  an 
aTarngo lorgtk of OJ 10 "  cm* ' The mean distance between 
i m p u r i t y  a t o m s  in  c o p p e r  h a y i n g  a m ' i m p u r i t y  c o n c e n t r a t i o n  
o f  0 * 0 0 4 $  i s  r x / i c T ^  c m *  * - c k  m t  b ©  s i m i l a r  t o  t h e  • ■
a v e r a g e  l e n g t h  o f  d i o l o a a t i o n a  i n  t h e  1 +  * l y  w o r k e d  
m a t e r i a l *
a n a l o g i e s  c a n  b e  d r a w n  b e t w e e n  t h e s e  c o n d i t i o n s  o u t  
t h o s e  e x i s t i n g  in  a  ges w h e n  Ms presssre i s  icl f e e d  t o  
o e o l i  a  l o w  v a l u e  tha t t h e  " s e a a  tree  p a t h  o f  i l l ©  n o l e o u t l e s  
f e o o o m o s ' e a m g s r u b l e  I n  ‘m a g u i t u i ©  t o  t h e  l i n e a r  a i s e a s i o a a  o f  
the vacuum c h a m b e r #  ' Xntenaotioa betweea 'gee m o l e c u l e s  and 
the w a l l a  o f  the-vacuum o' - r  turn h s o o m e s  max® lik e ly  
t h a n  i n t e r a c U u u  mtmari t w o  m o l e c u l e ®  o f  g a s *  s i m i l a r l y  
i n  t h e  h i g h  p u r i t y ' copper i t  i n  p r o b a b l e  t h a t  d i s l o c a t i o n s  
w i l l  i n t e r a c t  i m t h  e a c h  o t h e r  m r e  i i m g a e a t l y  ■ than w i t h  
i m p a r i t y  a  t e a s  i f  M e  i m p a r i t y  a t o m s  a r e  s u f f i c i e n t l y  f a r  
apart# 'fa altorootlve explv.t.tioa of the effects observed 
could bw based iipoii th is  hypothesis#
■ l i n e '  i m p u r i t y  c o n t e n t  of t h e * ' h i g h  p u r i t y  copper w a s  
r s j  0 * 0 0 #  b y  w e i g h t  w f i e l i  a p p e a r s  t o '  b e  i n  t h e  c r i t ic a l  
r a n g e *  E v i d e n c e  i n  c o n f i r m a t i o n  i s  a f f o r d e d  b y  t h e  r o *  
sponge of th is  mater it- 1 to heat'treatm ent* them email 
Increments of s t r a i n  were applied t o  the specimen aimoalei 
a t  4 0 0 ° 0 #  t h e  I n t e r n a l  f r i c t i o n  i n s  l e a s e d  n ! i , h t l y  w i t h  
f i s a e ,  Indicating tha t I n  th is  case t h e  impurity c o n c e n t ? © * *
tion w a s  holm  the cr it ic a l. level* C o n v e r s e l y , ,r th& a l i g h t
d e c r e a s e  o f  i n t e r n a l  f r i c t i o n  a f t e r  s t r a i n i n g  w h i c h  © c e t t r r e d  
i n  t h e  s p e c i m e n  a n n e a l e d  a t  ® 0 # G  i n d i c a t e d  t h a t  in  t h i s  
c o s e  t h e  i m p u r i t i e s  rmvB s l i g h t l y  a f e o v ©  t h ©  c r i t i c a l  l e v e l *  
Th® impurity c o n t e n t s '  o f  t h e  tough pitch e r n i  phosphorus 
d e o x i d i s e d  c o p p e r s  t e s t e d  w a r © '  0 * 0 4  v  d  0 * 0 5 $  r e s p e c t i v e l y #
M e r e ,  v a l u e s  w e r e  w e l l - a b o v e  t h e .  c r i t i c a l  v a l u e *  ■ a n d  r e -  
f e r e  . s t r o n g  i n t e r a c t i o n ,  f r i t h  c o n s e q u e n t  r e d u c t i o n  o f  i n t e r n ­
a l  f r i c t i o n  a f t e r  o t r a i n i n g  w a s  t o  b e  e x p e c t e d *
M o  o f f  c o t  o f  c a m e o i i  e g  - t e m p e r a t u r e  n e o n  t h e  c o n o a n t r a -  
t i o a  o f  i m p u r i t i e s  o c m  b e  e x p l a i n e d  b y  t h e  t e s . a e . n e f  o f
■tonurlty atom  to  segregate-round the fgrain ■ boundaries#. '.
■(103) •
C h a l m e r s  h a s  demonstrated w i t h  th© a i l  o f  r a d i o a c t i v e
t r a c e r s  t h a t  t h e  o o n o o s t r a t i o m  o f  i m p u r i t i e s  r o i m d  g r a i n  
b o u n d a r i e e ,  v a r  1  c s  i n v e r s e l y  w i t h  n ' ^ c a X M p  t e m p e r a t u r e *  
i t  i s  f e l t  t h a t  a f t e r  a n n e a l i n g  a t  C M 0 ! ,  t h e  i n t e r i o r  o f  
Mo gvr.tos was m efficiently pure.to allow the.-dialaoatlon 
s t e a l  M b e a i a g  n a o h a n i a m  t o  o p e r a t e ,  w h e r e a s  a f t e r  a n n e a l i n g  r 
a t  6 O O 0 G »  e f f i c i e n t  i m p u r i t i e s  r e m a i n e d  t o  p e r m i t  i n t e r ­
a c t i o n  t l t - h  d i s l o c a t i o n s  t o  o c c u r *  i W  d i s c u s s i o n  h o p  s o  
f a r  c o n f i n e d  i t s e l f  t o  t h e  c o n d i t i o n s  p r e v a i l i n g  i n  l i g h t l y  
© t r a i n e d  m a t e r i a l  t h e n  th® d i s l o c a t i o n s  e r e  w e l l  s e p a r a t e d  '
i
■ ; . M  c a n  o n l y  r e a c t  w i t h  e a c h '  o t h e r  t o  a .  l i m i t e d  e x t e n t *  
k b ©  u n l o c k i n g  m c e i m n i u n  p r e v i o u s l y  p o s t u l a t e d  i s  r i o t  e x ­
p e c t e d  t o  c . m r u M  w h e n  t h e  d i s l o c a t i o n  d e n s i t y  i s  a s
i m & o r  t h  a a c  c o a l  i t  i o n , a  i n t e r a c t i o n  b e t w e e n  d i s l o c a t i o n s  i s  
m o r e  l i k e l y  t o  0001a ? *  • .
I t  w i l l  - b e  o b s e r v e d  f r o m  t h e  e x p e r i m e n t a l  r e s u l t s  t h a t  
i n  t h e  l a t e r  s t i p p m  o f  s t r a i n i n g  a l l  t h e  s p e c i m e n s  e x a m i n e d '  
b e h a v e d  in a  s i m i l a r  f a s h i o n *  T h u s ,  e v e n  t h e  h i g h  p u r i t y  
m a t e r i a l  e x h i b i t e d  - a  m m l d  P o a r e a e e  o f  I n t e r  m l  f r i c t i o n
— 180 —
w i til t im  a f te r  a s tra in  l i m r  mxt f c s d  hmn  a p p l i e d  i n  th is  
i - m
hliis behaviour Is a ttrib u ted  to o occurrence of poly*
goaicatloa on a very fine seal© Jrrxoclistely a f te r  straining*
E v i d e n c e  fo r  4 ^ oecx v o ' oo. of mto!i pclygonis&tlon lias so
f a r  boon confined to oXr.ut’ituru Hoi d e n re ic h ^  ^ domnstrat*
o&by electron  microscopy that heavily  v/orfced pure a ltia ia -’
.inn had a d iso rien ted  domain s t ru c tu re  which was in  a highly
strained condition# M lrty -o is  hours a f te r  deform tio a  the
s tra in  had loan relieved from rasay ©f the ilns# Back
end ' reported  sim ilar 're su lts , and the refined 1 -ray
worlc of K ollar, III rsoli a ad eoafirnaal tha t the
dimensions of the domino In .aXioxifiltia oorfcel at' room teap- •
-4
' . e r a i u f O *  ihiizh w a r o  o r i g i n a l l y  3*& s  W  o s . *  a o r o o a  d e -
«*4creoaod to  n#S & 10 _ cm# a f t e r  r e s t in g  fo r  long periods a t  
roon temperature*
in th is  k ^  a% I t  might also  bo relevant *ta meat ion 
the w o r k  of the changes of la t t ic e  parameter
vMefi oaoror a f te r  pure, altiainltim-has bean i / i ly  defomed 
In oonpresatoau M ia work la  especially  Xrifcaresfcing In 
view of the strong s im ila rity  which oona of b is  la t t ic e  
parameter curves boar to  the aliapa of Me in te rn a l f r ic tio n  
'recovery curves of heavily strained ©apper studied in  the 
presen t research#
fn ex.mleation of the ourFoa on Figure 6 ? discloses a
-  1 2 ?  -
gradual tra n s itio n  between t h e  r is in g  trend' corresponding to 
the Xoww s tra in s  a*i4 the descending a t the higher
s t r a i n  a n d  w h i c h  a r e  b e l i e v e d  t o  b o  o n u s e d  b y  t h e  p o l y g o n !  s  a-* 
t l o a  offset* i:43 tho l a t o r m X  f r i c t i o n  of a l l  t h e  i s i p r r a  
m aterial’ decreased a f te r  sty&ining'ihao transition,between 
the t r'’0  tfpo of behaviour c i : r t  ho followed on these d irec t 
o u s  A * ,*
' I t  is  a \ ;;y>aU?df ho^snrey, t h a t  tthe chaps of the c u r v e  
sliawn on .Figaro *12 Is ciae to the superposition of effects 
.bio to., the migration of aicXooafctons' to  imparity at ana a t 
low s tra in s  ana «* 3 f  o ra t io n  of a domain structu re  a t ' 
high ©trains* fbo ezistones . o f  .these two mechanisms worfe- 
in s  in  conjunction could explain the &stx*©ns sensitivity* to 
s tra in  incrc:x?nt' for 1 1  s tra in  inoroneata and the fac t 
that ehmgos- of in ternal f r ic tio n  booo.no v ir tu a lly  independ­
ent of the' r^ ,n itu d a  of tlis s tra in  increment when th is  i s  
large* •
■ the migration of d islocations a t room temperature is  
node possible by vacancies which are produced by p la s tic  
defornatlosu - considers th a t vacancies ere pro**
boeecl in  preference to in te r s t i t ia ls #  . Each vacancy rriies 
e l *  o . number of jintps in i t s  life tim e and la  therefore 
eatable of prodno* considerable atomic rearranseriont* 
llxat aspect of tha recovery process which resu lts  in  
changes o f  in te rn a l f r ic tio n  n i g h t  h a  envisaged l a
** 11*0 **
the following n men** ■
Isrieilateiir a f te r  deformation the Mrti do&sity of 
v a c a n o i e a  a c c e l e r a t e s  t f o  i m v c w i n b f  a i s l o e a t i o a s  w h i c h  
might fee towards* or sway Ihm* the iBptirit^.atoms in . 
a c c o r d a n c e  w i t h  t l i e  mehnnl^m p r e v i o u s l y  o u t l i n e d *  . jm 
the vacancies c o n d e n s e  into, aggregates o r  slang e d g e ’ d i e -  . 
locations, th e ir  c o n c e n t r a t i o n  w i l l  i n i t i a l l y  d e c r e a s e
t
rapidly with time* .-It is  hallo veil 1 a this xsoc*' .nisa
explains, the extremely, rapM decrease of in te rn a l f r ic tio n  . 
Y l i i e t i  o c o n r r e d  w i t h .  t h e  t o u £ $ i  p i t  a h  c o p p e r  i m m e d i a t e l y  a f t e r  
o t r a i n i n g #  a f t e r  a  s u f f i c i e n t  s e r i c i c i  t a a  v a c a n c y  d e n s i t y  
B i l l  km® b e e n  r e a s o n a b l y  c o n s t a n t *  a n d  t h e  p r o c e s s  o f  r e -  - 
e o i r e r y . t h e n  b e c o m e s  a n a l o g o u s  to  a ' f i r s t  o r d e r  r e a c t i o n  i n  
w h i c h  c h a n g e s  o f . concentration e r e  lim ited to t h e  m i m f e e r s  
of mobile di-loo *t! -tiu ;
■ tiis a c t i v a t i o n  energy ch arac te ris in g - a l l .  these changes 
o f  I n t e r n a l  f r i c t i o n  a f t e r  © t r a i n i n g  s h o u l d  o - i . t h i s  b a s i s  
f e e  t h a t  oi  v a c a n c y  m i g r a t i o n  l a  o o p e a r *  B r l f f e i a r i *  D i x o n  
emu isam. fu  ^ smote a » v u  ,> * * 7*B k/oals/molo fo r th is
a
enepyy, which- was obtain ^ fey ^ 'Xmnt®. on the e le c tr ic a l
i n s i s t e n c e  o f  c o l d  w o r l c a c t  c o p p e r  a n n e a l e d  a t  v a r i o u s  t e m p e r ­
a t u r e s *  2 a .  t a e  e a r l i e r  p a r t  o f  t h e • r e s e a r c h  t h e  r a t a  o f  
reoom ry of tough 3? i t  oh copper a t  roam temperature and a t 
B S ° d *  w a s  c o m p a r e d  a n d  a m  a c t i y a t i o n  e n e r g y  o f  1 3 * 1  f c / c a i s /  
m o l e  c e d a a e a  f o r  t f e ©  p r o c e s s # -  I n  Y i & w  o f  the d i s c r e p a n c y
between these two values i t  is  f e l t  th a t an. e ssen tia l part 
of fu tu re  work on th i s  sub jec t ak au li  consist. o f  m .' accurate 
determination o f 'th e  activation  energy associated with the 
recovery-process a t various tern>e:ratures in  tlie range 
EG-160S0* . ■ ■ '
. ■ tie m la te ly  satisfactory explanation eaa a t the 
present'.tim e fee o ffe red  fo r  the i n i t i a l  iC %* ^^.aso of 
in te rn a l  f r i c t i o n  observed with th e  high ^ m l iy  specimens ■ 
annealed a t  000CU. and ■ safe j e t  toe to  high b tra ins#  rltliough, 
ao confirm atory evidor.ee has been'found i t  i s  n  tog l a
this SQixneotioii to make use-of a suggestion originally put
*orm' - (§7 )
f o r w a r d  f e y  k a b a r r o * ^ 1  a n a  l a t e r  . d e v a l o p - e d  f e y  111t t  *
tbnis. suggqstIon. was c o n c e r n e d  w ith ' f i n d i n g  a laookarisa, to'
now: m for aka oof tening. of a c r y s ta l  wlxifeh 0 0  oar rod la
the 1* d ila te  v ic in ity  of newly formed s lip  pianos* ftio.
pkeaomnnon feed feeea obsortod by \>/j found 'that
tlio varia tion  of fenrdnens with a la ta n o a  firm u mu I f  formed
s l i p  g la re  could be represented  fey a eteua uf tlio fom  l a -
floated  fey figure  84. '
S t  t e a  . t a n o o r a t a r c  o f  1 i d  s i r  t h i s  se lf  mxno&Hng
.o ffe e t  was f o u n d  to bo * ’  t e m O t e . ,  but the frequency o f  i t s
occurrence' Increased rapid ly  "m temper at <4*0 • fo explain
’ t h e  o f . f o o t  i s t e t  s u g g e s t e d  t h a t  p n ' o u i d i e g  t o . t e m p e r a t u r e  m i a
high temrigh vacancies proteose! in  the newly texmed s lip  ■
plane could migrate to the surrounding re^lo:m up to too ;
atoms ep&einge mmf mil soften nearby s lip  pis nos sufficient**
l y  vo  s t a r t  i n e m  t o l x g t o g *  _ /  " . ■■"
~t Vaco . ,0 0  5'Ik w*1 ve 'm  tome to m3 w at to fc a
al& lisr f m a t im  occurs I a M gi p a rity  copper under' editable 
com;Its, ;< a :J c mtoi r,o.w a t lo r  tlxe. suddeii r is e  of in te rn a l ■ 
f r ic t io n  immediately a f te r  tato application of  ^a tra in  to a ■ 
apeolmea which already b-ooa appreciably work' hardened.
te le  of foot maa oaly observed with the specimens of 
high parity  copper which had boom gccvlm siy annealed a t 
600%. H iiS’Oaa bo'iatcmpro i ok in  tea;m of th®; hypothesis , 
that heat traak ioat a t  606a0 protocol. eoaditions favourable 
to . ocourfcmoe of f i m  j v/aereaa .beat tre a t :ontf a t  ■ 
40to0 414 not. Cm purely theo re tica l gromda w / for 
example*, fine  ra ther than coarea -slip i s  to to  expected in  
m aterials tio?tog a purity  b is te r  to..m Oto&toto The ©oour- 
renoo of fine, slip* however,. w ill-be retarded by the- exist*- 
ea©8 of baritone touch lim it the pass!bio' s lip  dlat&aee.
Oomparisou of the m laro-struetaro on f ig u re s '03 and 
06 allows tha t reo ry a ta llio a tio n  had ^ s s s e to a  to a greater 
extent a t  OOGto team a t  totoa* l i f  is  -.mtool® . tha t th is  
ULjhor uegre'e of ro o ry a ta llisa tio a  bad eltoin&ted in ternal 
to.-eirootto u  la  too i * . of mosaic boundaries, etc#* ■ 
which prevented too oeourramoa of i i m  s lip  ixi the' specimen 
annealed a t too lower warn tors*
■ i t  is  therefore ten ta tiv e ly  suggested that the observed
effec ts  could be  explained in  the following terms#  ^ m  
t h e n  toy s t a g e s  of s t r a i n i n g  five s l i p  occurred on p i a n a s  
w h i c h  * c a n o  S t e r i l e ”  w h e n  n e w  a i a n a s . b e o a r a  a c t i v e *
P l e a  a  s u f f i c i e n t l y  k i t e  d e g r e e  o f  a  t r a i n  l i a d  b o o n  a p p l i e d ,  
v o o a n c l e s  p r o d u c e d  i n  . n e t / l y .  f o r m e d  s l i p  p i a n o s  w e r e  a f e l © '
\  t o  t o  o t h e r  t e t r r l i t e  p i a n o s  i n  t h e  l i a m e d l a t a
u l o i n l t y  a n d  s o f t e n  t h e m  a a f f i o l a r r l l y  t o  a c c o u n t  f o r  t h e  
r a p i d  i n i t i a l  r i s e  o f  l a t o p n a l  f r i c t i o n  o b s e r v e d * ,  a f t e r  
a  s u f f i c i e n t  p e r i o d  e q u i l i b r i u m  c o n d i t i o n s  w o r e  a t t a i n e d  a  
a n d  t h e  i n t e r n a l  f r i c t i o n  o f  t h e  o p c n l m n  d e c r e a s e d  with 
t i m  a c c o r d i n g  t o  the p o l y . u m i a a t i e m  i s o h a n i a m  p r e v i o u s l y  
a d v a n c e d #
ali.a,..inpo?ern process of olcyqt -ed t raaorBtur es :
. f s p o r i r o n t e  c a r r i e i  o a t  ; l n  t ! i o  e a r l i e r  p a r t  o f  t h i s
r e s e a r c h ,  c e r i l r n o d  t h a t ' t h e  i n t e r n a l  f r i c t i o n  i n t r o d u c e d
by .cold working could be v lr l  a lly  eliminated by anomallsg
o
a t  t e m p e r a t u r e s  a s  l o w  a s  1 0 0 ’ a r c !  t h a t  t h e ' r e e e v o r y  
p r o c e s s  a t  e l e v a t e d  t a c p o r a t a r e a  f i d  m% a p p e a r  t o -  b e  
e s s e n t i a l l y  c d f f o r e r i t  t o  t h a t  o c c u r r i n g  a t  . r o o m  t e m p e r a t u r e  
t o  o r e  P a n t s  e n e m i e s  t  t h a t  h i g h  t e m p e r a t u r e s  m r e l y  p e r ­
n i o  f c l x s  i m o k c a c i a n c p  . o p e r a  f i w o  a t  r o a m  t e m p e r a t u r e ,  t o  p r o - ,  
r o o d  t o  a t e a k t o r  e x t e n t  *■ P p  l a c o i s r a t o a r  t h o  m o b i l i t y  of  ■ 
b o t h  d i s l o c a t i o n s  e n d  I m p a r i t y  a l o n e ,  a  a l e e  o f  t e m p e r a t u r e  
w o u l d  p a s r i i i  d i s l o c a t i o n  l a c k i n g  i n a o h a n e l p n o  t o  p r o c e e d  
f u r t h e r  t u r n  was . p o s s i b l e  a t  . r o c s  t o i r m r a t i i r o *
O a ^ p l o t a  e l i m i n a t i o n  of  t h e  r e a l  a n a l  t e o m m o l s s  o l i c a t M  
' n l a o  ! i c  o t o t o m u f  b y  mmeallnQ a t o X S l P v *  ’ i r r i r f c & n ,  B i s o n  .' 
a n d  b i o a a b a r i ^  t ' i w - r  em m lof f o u n d  t h a t *  o m - ^ l e t ©  e l i m i n a ­
t i o n  o f  t k o  v a o a n s i e s  f r o m  a  o l d  w o r k e d  c o p p e r  p a s  © o h i e v e d  
to annealing for approaIrately 45 xairiutoa at 1£?O°0* toey . 
f o u n d  t h a t  a i o l q o a t i y a o  b o g m i  t o  d i e a p - p o a r  a t  t o l a  t e a n e r a -  
t a r o  o n l y  a f t e r  t o p  o f  t h e  t e o i m o i o a  l i a c l  b o o n  r e m o v e d *
B y  f a e l l i t a t o m g  n o r e '  r a p i d  a o o r m m i i s a t o o - a  o a  a n  a t o m i c  
s c a l e  u n d e r  t o o  a o t i o r i  o f  a p p l i e d  a t o m a m w m  v a c a n c i e s  c o u l d  
b o  o x p o a t o u  t o  i n o r o a . e e  t o e  i a t o x a i b l  f r i c t i o n  o f  a  m t e r i a l  
c o n t a i n i n g  i n p o x ' f o o t i o n o  I n  t o o  f o r a  o f  d i s l o c a t i o n s  o r  
g r a i n  f e o u n t o m i s s ®  ■ Tlwlr  c o m p l e t e  e l i r t o t o t o s  by Im  i m a p * *  
o r a t o r s  a n n e a l i n g  c o u l d  t f o r p f o r ©  t o  c o n s i d e r e d  a  c o n t r i ­
butory fac to r in  too ia teo m l f r ic t io n  recovery prcoosa. a t 
t e m p e r a t u r e s  o p  t o  X S 9 0 Q *
.to 0 ,;MfVia. to3* ,;-tof,„ Atom1 ; r -,*ap:toT| to<rto
in  a r o m m i i\ to la s  i t  to a , , .  y to understand y too 
I r t a r a a l  f r i c t i o n  curve t o c m l c l  e t o i i b i t  a  n a t o a w m  c o r r o s -  
ponding'to a  c r i t ic a l  degree o f  s t r a i n . -  Energy dissipated  . 
a s  t h e  r e s u l t  o f  t o e  m o m out o f  d i s l o c a t i o n s  i mfot  t o o  
u t o i o a  o f  e x i m p p l t o <  s t r e s s  a l i i  t o  p r o p o r t i o n a l  t o  the 
n a m b s r  o f  d t o t o o t o i o a s  a f f o o t e d  a  i t i p l l o c l  b y  t o o  I n t e g r a t e d  
t m v e m m i t  o f  t t o s a  d i s l o c a t i o n s *
t o o  n u m b e r  o f  c X s l G o t o i o s s  w i l l  i n c r e a s e  w i t h  t o o r e o  
o f -  s t r a i n  I n  a  i i l a t o x t o t o  by c u r v e  C b j  i n f l p a r s
CO
<
DEGREE OF STRAIN
Curves showing tha increase in mamMr* ani docraasa 
of fflohillty* o f .dislocations In a sptointtn st&jectftd 
to an inorm&ing mount o f  p la stic  strain  ''(diagranmtlo}«
65* ' M tha number of dislocations Increases* ho??o?e?y
their freedom of m r '% w ill decrease in a m.m®v 
s u g g o s t e d  ' h f  e u n r e  | a )  'o f  this fic^re* ■ C u rv e  (C ) repre**  
seating the product of ipam titlas (a)'and (bl Is  sim ilar 
la  gsnovui character to several of tit© Internal friction/ 
s tra in  dotorninol In the * ^.ossat resoaroh* sim ilar : :
curves t^ ere oet&ined by liaaigutl and Ifirai^^ tsiil* single . | 
crysta ls  of copper# ■
la  order to account for.-the datailed  shapes of ilaa |
' s ' -  i
internal friction curves* observed la  the pma^nt series of . | 
c&gortrusts i t  becomes tiaoesoosy to tcto 1st© consideration ■! 
Oiffcrc.ices loosed 1*y;thc polyorfstalllso nature  ^ aM by ■ S 
the mi*»xmiSo$m distribution of a train over the eroa^30Ctloa8 : 
of the gpecimena employed* I
fa) ,Effect of,..strai n dis tribution on the shape of ,.tfie . I
■ i
1 I e l  friction carve. • ■ i
ftie shear strain imposes by tw isting a solid cylinder !
about i te  ascis i s . c lre e tly  proportional to the distance of' !
the element gqu®%G&v ®& from the centre lin e  of the specimen# . j
'In .any analysis of the internal friction effects produced |
!
by subjecting each a &pmlmn to to rsion  i t . I s  therefore j
necessary to consider the meeraaslng degree of s tra in  as the j 
oe *5 of tli© te s t  p iem  I s  approached* # ;
l a  ..the fallowing discussion i t  is  'assumes tha t s tra in  
Is  being imposed on an Iso tropic material* ' I t  mm be '
Shew *. St r a \n  Ap p l ie d  T o S pe c im e n
Fig* 86*
JDiagramatic construction used for determining' the ; 
contribution of inner layers to the internal fr ic ­
tion of cylindrical 'Specimen subjected to torsional 
strain* -
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imagined that the ©rosa ©ooticm ©f the test-pieae i s ' com*
r*
posed of a number of olomoatary rings o f i l lo te e s s  sa l 
r ad l l : T| f T^a eta* " iks an increasing - degree of tw ist 
is  t i l l e d ’to  the specimen as a whole* the s tra in  to vhtofo 
these oteiea-tary ringo are subjected can fee represented fey. 
fig* {6 o|* ffct© Inset eury© in  th is  figure represents the 
re la tionsh ip  fejtvosa in te rn a l f r ic t io n  and ©train' of an 
elementary' partial®  of the iso trop ic  m aterial under consider­
ation* "• By super** ^u^ing th is  our?©* upon the s tra in  aurre 
o f the elementary rings the in te rn a l f r ic t io n  of any ring  
for aay degree of external applied s tra in  ©an fee determined* 
Hie frac tio n  of the to ta l  in te rn a l . f r ic t io n  ©cmtrifeutod fey 
any ring  w ill fee giyea fey the product of i t s  . area and' the ■ 
in te rn a l fric tion . of the e*cowatary p a rtic le s  of nftlch i t  
is  composed* itie internal fr ic tion  of the to s t piece as ■ 
a tim le  w ill feeg lrea fey a su i a lion of the ©ontributionQ 
of these elementary r*~wj* f ig  ire 8 ? represents graph­
ic a lly  the re su lts  of stioh a eumrsation* tn  th is figure . 
©urra ia) representing lit© internal fr ic tion  ©f the te s t-  
piece as a fihole i s  obtained fey a summation of the internal ■ 
fr io tio n /s tra in  curves of. a l l  th® elementary. rings ©howl i s  
the lower part of the* die i *v
I t  ©an fee seea tha t the e ffec t © f:employing a solid. 
tm% pleas i s  merely' to- broaden, and displace to  higher 
is tra in s  the peal on the ©aanre of in te rn a l f r ic t io n  ©urr©
)30
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S u r f a c e  Sh e a r  St r a x n  (Ar b it r a r y  Un (t s \
3 0 5 0
F ig *  87.
Curves shew lag the r e s u l t s  o f  a summation madi 
using the graphical c o n t r i b u t i o n  I l l u s t r a t e d  on
Fig# Si# ■
of- a  specimen subjected to a  uniform shear strain*  In 
order; to  account fo r the esistoaea of the secondary peaks 
frequently observed i t  becomes necessary i„ take la ta  con­
sider th e ■Bon-lootropiS and poXyorystaXlia^.nature of 
tko specimens employed• ;
W  ."J
r r l 2 i r 2.“ ■
I n t e r p r e t a t i o n s  o f  t h e  ■ p l a s t i c i t y  o f  p o l y o r y a t a l l l a e  . 
t c r p x - g a l e a  i n  t e r m  o f  l a s  p r o p e r t i e s  o f . e l r J L e  c r y s t a l s  . 
ta'.o boon made fey nmny imvstigatora. ' a prominent la
•this f ie ld  are t&oao of f a y lo r and Boas* Ftr essen tia l ■ 
xcatxm  in  the development of any theory of tMa typo is  
the necessity  for snsa iiaa  continuity , because voids are .
not formes olisa po±.v <• talXiae material. i s  p la s tic a lly  
.distorted* I t  i s  t i .  w ore necessary to postulate tha t 
each grain unaorfoea'-tho'aama. hourjcnms s tra in  as the ta lk  
material* Bimoasicaai.chaiio^o of the grains cannot, there* 
fo re , he ires tr io  ted. .to th a t ciasa of eliopso which can bo 
r r a ts d  by s l ip  an a .s ing le  oyster*. ' . ■ .
Face centred cubic systems possess teeivo crystallo**
graphically, equivalent i > rotaiieurni glide systc.is* la
order to produce an unrestric ted  chance of : hare with no-
(S3)chonga o f  voXme i t  can.be sliemt tha t' . s lip  on f i v e  
differently oriented s lip  systems must operate* faylof1'”' 
c o n c l u d e s  t h a t  ' t h e r e  a r e  S i  s a t i s f a c t o r y  c o m b i n a t i o n s  o f
S u r f a c e  S h e a r  S t r a i n  (Ar b i t r a r y  U n i t s )
- ■ Fig*"8 8 * *
M a g r e m n i a t i c  c o n s t r u c t i o n  u s e d  f o r . d e t e r m i n i n g  
the i n t e r n a l  friction  o f a p o l y  c r y s t a l l i n e  
s p e c i m e n  su b jec ts  to an increasing strain#
t i m  s h e a r s  o u t  o f  t h e  9 0 S  p o s s i b i l i t i e s  i n .  a f a c e  c e n t r e d  ■ 
c u b i c . m e ta l*  l i e  s e i e o t a  t h e  c : . i t l ^ u S i o n  o f . f l y e  r h e a r a
cugcLbl© of producing the deaired external a train on a la sle  
o f  l e a s t  e n e r g y  c o i  i i o e i ^ f c l o n s *  • ; . .
i s  'an  i l lu s tr a t io n  of th is  beeSraiquo lie calculated the 
sum of the to ta l  ilioar 0 tra in s  introduced in to  th e ’ individual
e r js ta le  of a ' p o lfa rjo t^ llin e  mass whiols was subjected to  t  
d e f in i te ' te n s ile  strain#  From th is  data,-knowing the 
s tre s s /s tra in  e j*t 1 of a single c ry s ta l, he w a s  able-to  .
p red ic t the 0 tre e s /s tra in  curve of a polyiirystalXlae  ^ ■
a g g re g a te  with rca^ ;m u b X e . a c c u ra c y #  •
f&ylor1© analysis was based eia the assumption that the ' 
individual c ry s ta l l i te s  ware randomly oriented# -; nSk® m sn 
value of tli© to ta l shear s tr a ta  ©a individual grains was 
3 #1 '-tim es-thestrain, of t h e  ta lk . mterl&X* ■
■ Sie 1 „ eat need not be- re s tr ic te d  to  the ease of 
applied to n s ils  s tra in , and. can in  general tarns bo.repre--
snoted by the figure ahoen on figu re  8 8 # Here the sum of 
the shear s tra in s  to which Individual grains ©re subjected
I s  p l o t t e d  a s '  &  f u n c t i o n  o f  i lia  a s t e r n a l  s h e a r  s t r a i n  w h i c h  
h a s  b e a n  a p p l i e d  t o  t h e  © g g r a g a t e #  ' f h o  r e l a t i o n s h i p s  h a i r s  
been represented as being lin ear for purposes, of simplicity# 
P h i l o  in  g e n e r a l  t h i s  w i l l  n o t  h e l d  t r u e  t h e  v a l i d i t y  o f  t h e  
following argument w ill m t  bo affooted* _
I h e  l i n e s  e a e n t i n g  t h e  s h e a r  s t r a i n  h i s t o r y  o f
individual grains ara d is tribu ted  airer a wide MM *!«•
ing upon t& e.orientation o f Mis grains compared witfi tae
c irec tion  of the applied' shear s t r a i n .  l a  a s  randomly
oriented m aterial the d ls lr lM tlo a  of shear s t o i m  • o w
th is  M M  w i l l  M  cmifosm*. . ' .
XI i s  assumed that-.the re la tionsh ip  Between- s tra in  ■
and in te rn a l  m o tio n  of a . s in g le ; c ry s ta l of the aggregate
under 'considera tion  is  given by the  curve rBQ a t o m . euper* . |
imposed m  the mmar s tra in  graph# By $h® ■#00 of tliia . ■ |j
’mx-ta the in te rn a l  ip lc tioa .eam trlb  iloJ By any in d iv id u a l.
■_ •
grain  la  the Bggregmte f a r  any c i«..n external-applied 
s tra in  &on Bn da fo r  example, la  th e .position a j
shoro* 0  grain uMao ©ho&r. s tra in  h is to ry  Is  repressito4 
By Ms lino CBp n i l !  Ii&to oh In t ’ O- «S 1  * r io t  ion corrcr M* 
log to X Men an external s&o&r a tra in  of ssvea arM tary  
-units i s  applied to too aggregate* llio w i  **butio& of
ta io  g ra in  to-th® in te rn a l  f r i c t io n  of th e  aggregate aa 1  . 3
!' ■ l!
Mole w i l l  bo given By the. product of the in te rn a l f r ic tio n  
nM the voInns of the In #
By ualag th e . grarMe&i construction described the |
in te rn a l  f r ic t io n  of ead t g ra in  can ba p w v t  ^ as a  f  ellcm 1
of the .£2£ter&&l applied ©train* fheso curves to re  to fes ■ 
ad justed  by su i ta b le  fa c to rs  to  allow fo r  th e  d i* f  M it  ' :
volume o f  the various g ra ins and than M to  give tho 
in te rn a l  f r i c t i o n  of ‘the wnola aggregate as a  function  of
u .
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S u r f a c e  S m e a r  St r a \n  (.Ar b i t r a r y  Un it s )
Curves sh o w in g  th «  results o f a summation m ads using 
the diagrammatic c o n s t r u c t i o n  show in fig* 88 on 
t h e  assumption that t h e  aggregate i s  composed of 
crystals h a v in g  tw o  d istin ct o r i e n t a t i o n s *
■*» ■ 13S * *
the applied'strain#
I t  purely random orien ta tion  l i s t e d  in  the opeelnen, 
©peti a eiim atiea wcmM f ie ld  a curve sim ilar to -tha t' abom 
In f i p  *t© § ? *  la  ,:mr'cro3 r  liaty©far? conditions o f .true 
random o rien ta tion  ra re ly  exist* and etrea a f te r  work hard** 
eaad t r ia ls  have bean fully  annealed reejrysballlsafciom 
. textures s t i l l  persist*"- to these conditiona of pre­
ferred orientation tho o *rires repreaentlng the ana of - the 
shear of iad lriflaal .r a in  w ill not : >c c & la  n a if  om iy - 
d is tribu ted  over the uren'OUS b u t'w ill c 3 \jregnte in'one- 
ot* m m  mmses IspnE? ouch-.as those r. ^aaso *:to£ by the shaded 
areas O E  a n d  0 4 *  ; • : .  -  : .
: ilioa the m m m tlm  pm m ss  i© carried  cut-on a m aterial 
in  th is  condition ttio curve of - in te rn a l friction plo tted  as 
a, function of v rxv' rial applied <jicut s tra in  exhibits a peals 
for each imofsrrei orientation* - figure ©i shows the s u m * 
t io a  of the inlsrn& i frlo-tion of t\n t-cprms to  composed of. 
crysta ls  a *«* v two orien tations so tha t whoir shear s tra in  
history, ourvos f a l l  in  t&a hands ffl and ' 0 4  shown on Figure 
83* , ' - : -  ' p. - .
Z J i M %■■■, ■ ’ ■ : ' '■ -
X-ray M^^rnotion v~X: eoafimed IiS j preferred o rien t­
ations existed in  th© a^ 3ii^,ais tested* Small triangu lar 
prisms were emm froa  th© longitudinal aids of' the control 
©ample© anioli had boon led a t  the aena time as the
)Mg* 90.
X«*rsy d iffra c tio n  pmAtom fr w  noodl© of toa&h*pitch 
copper mmpX® in  the hard drmm condition*
n&* 9i*
X-r&y d iffra c tio n  pattern from noodle of Jough-pitoh 
ooppor oasapX© axmealod for a hours at 400 G*
92. 
i t t e m  f r t
copper maple annealed tor houre atXrttm diffraction pat rn txm modi* of tomji-pltchi  6QCTC*
Tie.*3.
X-ray diffraction pattern from needle of tougb-piteb 
copper otaaple tmncaled for 18 Soars at 860®8.
I94*
d lffroetioa pattern t t i m  ueodl© of high purity 
©oppor ©agapXe auu@ai©4 fur a hours at 400°a*
f i « .  9 6 .
3&*ray hiffraatioa p a tte n  fresa neodl© of high purity 
eoppor sample axmooiod for two hour© at 600 w.
te@t*pSe©©3* fhsse prtaisa* originally about Ssm* wlfis «ere 
otebcl sown Into aeaaiea approximtaly Q«3.m*&U** aM 
. . jut-d in a ©ingle aryst&l 2.- y olfiTaatloa aaaora#
Ilia l o a l t a d lm l  a s ls  o f tbeso • aee&les, about ■ which ■ t !%®f ■ 
wm co iv istia llf rotated taXiag aii ©s^coaro • sma p#rpen3i**. 
t a l a r  to: the  X^ray beam# 0u- I^ saac la tlcn . ims a ^ i o ^ i *  
figure© w  •* 9B u th© iiff iu a tio n  ^  u% ac obtilaa^ - ■ 
■from tb s  toii{#t piW h eaaplea# . f ig u re s  9# ana SB allow 
;io olffxoetioa patterns obtained froa tta  fiigb purity '■ '-. 
©pealnorio* '
f ig u re  ©0 shows that a' proaouaeou double fibre to .x tee  
car,,Sod in . tUo pi tab < *; la  the hard c z ix u ix  m  m *
aoitfCiJ ©o&Sitioiu S lio-stroagast te s ta ro  m o cat© t m  
crystal© 1 v mar f i l l ]  ■iimotioa allured with ill©
&&la of mmlm* - Itie I H . torture, altLon;b weaker*' 
m o © t i l l  w e ll dsflnol*
famouling a t 4w °0  far tm  lw i»  v irtually  eliaiaa.tai 
th is  aoubl© fibre t o  tore# I'be residual [iGOj testure
lailab persists# m s trery weals# growth of tbs [ m ]
HsxUus'd cue .to on ^isig a t £00°G for two hours rssultefl 
in a further sotirmiiig of th©' 400 and 4S0 -lines* -Sh© ■ 
[I0i)j ‘ t o  to o  mo mt geteeted after thlo treataoab# 
hmealiiig at Ci5uv0 increased ilia- la  ;cm iiy of .the . llX lJ  
tas'fcir© ©oaolder&bly# lha ■ t io o ]  t o I  ro oouM not bo 
oeioeteeU
D ir e c t io n  o f  
Ap p l i e d  S h e a r
<»oo>
<Ul>
D ir e c tio n  o f  
a p p l ie d  S he a r
Orientations of t h e  unit c e l l  with respect to 
direction of applied shear for .crystals having 
(lOOj and l i r  directions aligned with 
specimen axis#
<\00>
o
D ir e c t io n  of Ap p l ie d  S hearD ir e c t io n  o f  a p p l ie d  Sh e a r
<m>
' Fig* 97*
Sectional view o f  relations shown on Fig# 96*
« 149 -
flgurs 94 eliotra tliat t!i® C m ]  and llo o ]  toxtures
of %h& 111-/*, purity  eogpor orooaloa .at 400^C trer® opprax*» : 
i m f c a l y  o *  1  t o  i n t e n s i t y  a l t k m i i i  n o t  p m m m r n m I #
Amml it*; a t  00Q°a rosu.l&Ni Is, an increase of. the Intensity
of tiia ' C u a  and a  O Q ^ m B y q m l i n Q  aeoroase of the 
learture*. ' ,
. ..fheso resuH* n^o l a  g: :oi*al agreement a t th. those of 
BaatSaa a s i  foh > ^  oltlioagh alae# no ' p&otoiaotrl© laorfe
«aa .uadartobni tdr.ir f i /d ia f -  o - i^ot h® .eon**
n  d#‘ - . ;  . . ' . V . . ■
{i ) X]V;i d r ^  - ••** *» p 2-rrl-?, Z^iLX 12< ,PZ ~\1X Xl,S al. 1 \ 
a.;o.'iX],.„t'1 ...^  r,;in ^rrfLtlZkhalXH,AfI l l •
11 ro^ fn j r*x! v-) tc;o>:-L;irato that. 1!ki alaape of tlia
in tern a l f r ic t io n  a to c te lln s f ra te l  ea rX;;treo £& and 59 
afisaa f im  §m im : leatatlono a a ite irg  la  the n a te rta la
tested* l ig a te  £0 ' i l t o t e . t e .  te e  o rien tation  of the unit 
oallj a ltli raopaat to i te  dlte vulon- of applieX shear fo r  
c ry sta ls  .tearing [l§ol aai ■ [ m l  iire te lo ao  a lig ae i with 
ttio opceineu asio* fax  estor&al dr.’.sr apailacl to tho 
speoimcm m o t be eteoztedatte te# g lide  on tfeo ootsteodral 
planoo in  both c teo c te ,t  k> pioitecd 1)^  the cr >11-
eation  o f . uheor ora f . t e  te l  * to te  d fcg tlia o o o tio rd  Tiow 
teooa on 21qxz:® 2 9 0  fho i t e l  teear aaooac! in  oacdisaso
liX tlio t e t f  for . 0  oaf a ai a  s ;  te th  aa shear
o tra in  of # is  given bf me area of the diaied portions#
■*# l i x  “*•
Uties© nxtusg are opus! i n  the te e  -glagreos* In  the case of 
the- f l l l l  ■ ailc/U ;:n t see arrays t Ion i s  achieved by s in g le  
s l ip  in the d ire c tio n  rB* ■ l a  the e a s e  of t h e  [  2-00]
aXX| :^irseat* hovm v^ , o * hour ^©stilting In if. > fcror^f a u c tio n  
of point O' %Q ' p a i z l  „ ir* s ire s  the  eosM sntioa e t  two- 
sheen;©* 0 to 3? m d  P t © n | *  ■ ■ Ttx® a, p l i c a t i o n  of e smXX 
a n l v s a a l  a p p l i e s  s h e a r  t h e r e f o r e  e  J j j c e t s  c r y s t a l s ; h a t i n g  
a  j^iooj .  a l l g p m e n t  to a to ta l  internal tihesx w h i c h - i s  ■ 
i : ; - j e o . : e X „ a i w a l y  t a l e s  h h s t  o f  e r p a t u l u  I ’ e T l e g  a  s ^ X l X ! -  
aligrneat* H its  ^  ^ seat applies ■ p x l M r i l y  to the-two'-■ 
a t a s i s l o m X  e a a e .  i l l u s t r a t e d  b y  F i g u r e  ■ ■ 8 7 *  ■ l a  t h e  t h r e e  
e a s >  t h i s  r a t i o  I s  X i L o J y - ’ t o  ha M a h e r *  1 
a ~ i  m e r  ; \ M n j  s h e e r  s t e i l n  i s  a p p l i e d  ■ t e r  a  o p o s i - *  
r a n  l i a r  lag  hiuso f i l ) e o  F n h ;  nve s s srp.rh t s  hairing a [ i l l ]  ’
altgaaeirt © ill therefore pass through th e ir  c r i t ic a l  -total .
/
shear -tal'iio m o l la te r  than thoso haring the ^XCioT alicp** 
meat* '■ she peak on the i . „ 1 f r ic t io n ’curve aausei by
feJiO [ i n i  alignment w ill therefore ©sour a t  h i j  a tra ins 
than tha t caused fey the .■ |,I0$] t m t a m *  I t  can ho seen 
from ' the ipMaalry of the c o n tra c tio n  shorn ia.fi£**S8 that 
v - sMlfi ■ of any raasima ta a ss i by these orien tations MIX 
he proportional to the s t ia ia  a t  which they eoeur# fh ia 
^-©Motion Is  fu lly  eorifli ^  by the reaalfurof the erperi-- 
* ,  L M  w o r k *
In rlea-of'the x«*rey eriusmee i t  la considered f a t  the
X4S ***
s h a p e  of  t h e  ■ i n t e r n a l  f r i c t i o n  c u r v e s  o f  t h e  t a t i . g t i  p i t c h  ■ 
c o p p e r  i s . t i u o  t o  t h e  s u p e r p o s i t i o n  o f  a  v  : h b  o m i s e d  f e y  
t h e  f X i l T I  t e x t u r e  o n  t o  a  t e s t e  c t m r o  i © . *  w h i c h '  t h e  
rundo&Xy oriented r* v io sampooslfele# I te  shape of ■ 
t h i s  c u r v e  a r n e a i r s  t  >  f  if  m  a s  t h e  a  m e a l  t a g  t e m p e r a t u r e  
X a  Increased* . ■ . . . , ■ .
. t t e  r o f  t h e  s e c o n d a r y  a m o i x a m s  t h e  i n t e r i m ! '  , - .  ■ 
f r i c t i o n  c u r v e s  e r ?  t h e  t e n , : / ' *  r i t o h  c e ;  ? s r  c  a  b j  r e m U l y  
i n t e r p r e t e d  i n  t a m e s  o f  t h e  g p a t e s l  I n c r e a s e  in  s t r e n g t h ' ,  
o f  t h o .  [ m l  f l t a t t e a t e a ©  a s  t h e  t e m p e r a t u r e  o f . a i m e a l ^  
l o g  i s  i n c r e a s e d # '  f e t o ; e e e o a a e r y  s r n r i m  e s s  v e r y  w e e k  o n  - 
t h e  a n e p l . a  s m o s l e i  a t  4 0 0 ^ 0 *  T h e  x - >  j  i m a i s  a t i o m a  t h a t  
1 ftm r  ir i a: I teg t’ rmt g**t X a T t u ]  tax tare ® s at 
i t s  w e a k e s t *  4 s  t h e  t e m p e r a t a r e  o f  ' J a g  i n c r e a s e d
b a t h  t h e  e l m a  o f  t h e  s e c o n d a r y  m a x i m a  w \  t  o  i n t e r n a l -  
f r i c t i o n  e a n r o  s a c i  t h e  I n t e n s i t y  o f  t h e  [ i l l ]  f i b r e  
t e & t e r e  i n c r e a s e d *  t h u s  c o n f i r m i n g  *. t  t h o s e  t o o  f a c t o r s  
aero related* ■ ■
t S i e . o a r r o  i l X u e t a a t e a  mi f l g a r o  O f  i s  e t e r n  a s  the 
s a m t l o s  o f  to© eorgosom&s o a a s e a  f e y . o i m a g & l s  r e p r e e o n t i s g  ■ 
C O ; *  a s . !  4 0 g  r e s p e c t i v e l y  o f  t l i s  t o t a l  t e l i e s a  o f  t h e  a g g s m g a t e .  
0 a .  t h e  t e s l a .  a t *  t t i a  t e r a y  m i  t e n e e  t h e  p r i m a r f  p e a k  w o u l d  f e e  
c a a o o d  f e y  o i m e t m l a  f e a e i a g  t f e e i r  ■ L l C O * ]  e t r r o t i o n  a t e  e i  
w i t h  t h e  ^  e s l m o a  a x i s ,  mil®  t e e  [ i l l ]  t a x i ,  * r e  ^  M  
a s :  a t ; ;  f o r  the o o e o h & a r y  s t e r n a *  1 I t  in . i n t e r e s t i n g  t o
mo turn oX oasly t i l l s  cnrvo resem blee th e  in te r im ! / f r i c t i o n  
c u r v o  o f  t b o  h ig h  pnrlty c o p p e r  sa m p le  a r m e a le t l a t  4 0 0 % *'
t o  t l i o  X * * r & y  ^ o r l s  a n n e a l i n g  a t  6 0 Q %  Increased t h e  
proportion of crystals having a f l i l l  allm rm t# ' i t  xiili 
fee 0000  from Ti Si that the secondary sjm;lrr» i s  greater 
at C00% than at &00°0, thus confirrsins the orientation 
hypothesis*
 ^'Inmmt® to the g oral theory tMch could satis-* 
'factority account for oar tain features of the oorres 
s&hibfted by the tou$! pitch aai phosphorus deoxidise! 
copper - samples annealed at ©50% would deal with .'the non** 
uniform grain else of those materials* ■ la  the previous 
discussion i t  was ta c it ly  assumed that tlxa grain aise was 
uniform, an# that &on»unlfom distribution of the shears on 
individual groins resulted purely from the etlsteaoe of pr®«* 
terred orientation* sim ilar, t h o u g h  less calculable effects  
would arise from the existence of widely differing grain 
sixes in  the same sample*
I t i e a  a n  a s t e r n a l  s t r a i n  I s  a p p l i e d  t o  s u e t i  a  s p e c i m e n  
the largest g r a i n ,  boin$ s o f t e s t ,  w i l l  d e f o r m  t o  a g r e a t e r  
e x t e n t  t h a n  t h @  e  > :  H e r  g r e l t a a *  M f f e r e n e e s  in t h e  r e l a t i v e  
d e f o r m a t i o n  o f  t h e  %m eizm of g r a i n  m a t  b e  a c c o m m o d a t e d  
b y  loca l d i s t o r t i o n s  a t  g r a i n  b o u n d a r i e s ,  hot f o r  m o d e r a t e  
s t r a i n s  t h i s  w i l l  n o t  m a t e r i a l l y  a l t e r  t h e  ^ o m m t  e f f e c t #
. f h e  h a r d n e s s  o f  c r y s t a l s  in s a  a g g x c i  to  i s  u s u a l l y
** 144 * *
s s s u w o u  to b e  inversely p r o p o r t i o n a l  to  t h e  s q u a r e  of . t h e ­
ir  f p r a i n  s i s e *  ■ t h e  l a r g e  g r a i n s '  i n  t h e  c o p p e r  s a m p l e s  
' emeaicd a t &Sj9°C would9 therefore* be expected to aceosiao** 
Qzito the hulk- o f  t h a '  e a r l y  s t a g e s  of s t r a i n i n g  la 'th ese  
specimens b e f o r e  the. s m a l l e r  g r a i n s  ha& hem  a p p r e c i a b l y  
■ ■ d e f o r m e d .  ■ G e n e r a l  d e f o r m a t i o n 'of t h r e e  m a l l  g r a i n s  w o u l d  
o n l y  b e g i n  w h e n  w o r k  h a r d e n i n g  o f  t h e  l a r g e  g r a i n s  h a d  
• r a i s e d  t h s l r  y i e l d  p o i n t  t o  a  s u f f i c i e n t  e x t e n t .
D i f f e r i n g  &%zm  o f  g r a i n  i n  a n  a g g r e g a t e  w o r l d  t h e r e * *  
fora pass th r o a t  th e ir in te rn a l f r ic t io n  laaxima a t  d iffe r-
i  . . t
eat tines * thus accounting- fa r  oar ta in  of .the effec ts  • ob­
served. A p r o c e s s  s u c h  a s  th is  c o u l d  explain the.very 
• high peak imluas o f the in te rn a l f r ic t io n  which occurred
a t  a  T o r y  l o w  e t r e i i a  w i t h  t h e  t o u g h  p i t c h  c o p p e r  s a m p l e  
c u w i o a l e d  a t  6 5 0 ^ 0 *
l a a  v i a  a l s o  o f  • b h #  t u b u l a r  s p e c i m e n  w a s  f o r y  l a r g o .
( s e e  f l g . f S )  a n d  a l s o ,  h e a v i l y  t w i n n e d #  C r o n s  s e c t i o n s
s h o w e d  t h a t  i n  m a y  e s s e s  o n e  g r a i n  e x t e n d e d  c o m p l e t e l y  
t h r o u g h  t h e  t u b e  w a l l .  T h e  i n t e r n a l  f r i c t i o n  c a r v e  o f  
t h i s  j r a a t e r l & l  e x h i b i t e d .  t w o  p r i m a r y  m a x i m a  w h i c h  w e r e  
s y i a n d b r i o a l l y  d i s p o s e d .  i t t e  a h s o a  o f  . t h i s  c u r v e  c o u l d  b o  ,  
. r e a d i l y '  e x p l a i n e d  in terms of  a  c o m b i n a t i o n  o f  t h e  p r e ­
f e r r e d  o r i e n t a t i o n  a n d  g r a i n  s i & e  h y p o t h e s i s  j u s t  a d v a n c e d #
— M 5 **
I t  i a  f e l t ,  h o w e v e r s  t h a t  s u c h  a  d i s c u s s i o n  w o u l d  b e  o f  
l i t t l e  T a l a s  w i t h o u t  a  d e t a i l e d  k n o w l e d g e  o f .  t h e  o r i e n t a ­
t i o n  r e l a t i o n s h i p s  l a  t h e  t e s t  s p e c i m e n  s .
I n  f u t u r e  work ©a t h i s  s u b j e c t  a  p r o f i t a b l e  m ethod off 
a t t a c k  would ho to study the effec t of s tra in  on Urn i n t e r ­
n a l  f r i c t i o n  of c l o s e  packed hexagonal m e t a l s ,  w h i c h  a t  
a s r n a i  t c n ^ o r a W r a o  h a v e  o n l y  o n ©  a c t i v e  s l i p  p l a n e *  . f h a  
e f f e c t s  p r o d u c e d  hf  p r e f e r r e d  o r i e n t a t i o n  i n  t h e s e  a o t a i s  
w o u l d  1 > 9  m o r e  ' p r o n o u n c e d  a n d  l a  s o m a  r e s p e c t ©  e a s i e r  t o  ■ . 
interpret than those occurring :Xa cubic metals having a ■ 
m u l t i p l i c i t y - o f  p o s s i b l e  Blip $ / 4 * ~  •
.. i l l  Amlr A~ I, internal, n f r ic t lQ r i ,^ a n d i; e I a 3 U c
■ j , <  i t  l i a s  I s s d i i  u & o l i s n e d  t n a t  &  1  c ? u g n  c o n d i t i o n s  o f  
f u  i  i n t e r n a l  far l o t i o n  i n v a r i a b l y  c o r r e s p o n d  t o  d e p r e s s lo a o
i
o n  t h e  c u r v e  o f  e l a s t i c  m o d u l u s  p l o t t e d  a a  a  f u n c t i o n  o f
s t r a i n  t h e  t a o . . f a e t o r s  a r e  n o t  d i r e c t l y  r e l a t e d #  T h i s  c o n -
e l u s i o n  i s  b a s e d  m i  t h e  f o l l o w i n g  e v i d e n c e ? * *
(a ) . . d o o m  t e m p e r a t u r e  c h a n g e  o f  i n t e r n a l  friction  after.
s t r a i n i n g  a r e  g r e a t l y  ' a f f e c t e d  b y  the p u r i t y  o f
*
■ the m a t e r i a l  w h e r e a s  t h e  c o r r e s p o n d i n g  c h a n g e s  o f  
f r e q u e n c y  a r e  i n  w  *  o f  p u r i t y ,  
l a w  t e m p e r a t u r e  a n n e a l i n g  v i r t u a l l y  e l i m i n a t e s  t h e  
i n t e r n a l  f r i c t i o n  c a u s e d  b y  c o l d  w o r k i n g  w h e r e a s  
i t  m e r e l y  r e s u l t s  l a  a  s l i g h t  i n c r e a s e  o f  e l a s t i c  
modulus.
Fig* «*8.
Misplacement of a dislocation line under the aetij 
of a small shear stress (diagrammatict a fter  Mott* 
and F r ie d * ! '* ) *
f i l l s  e x p e r t e o a t a l *  d a t a  i t  p o s s i b l e  t o  r e c o n c i l e
t w o  t h e o r i e s  w h i o h  I i s r r o  m m  r e o e n t l y  a d v a n c e d 1 t o  a c c o u n t  
far ' t h e  effect of strain. on t h e  elastic'modulus of metals#
X a  h i s  t h e o r y  o f  w o r k  . * : •  r 3 i i j . B g  a r o u i t e s  t h a t  f e e ©
c e n t r e d  a o t a l a  © p n f c a i a *  b e f o r e  c l e f  © r a s a  t i e r * ,  a  mtw o r . k  o f  
diolooafcions thus allow ing fro  op or a t  ion  of ik-I^ead 
s o u r c e s  t o  c r e a t e  t h e  l a r g e  s u m b e r  u£ d i c l o c & t i o n s s  .required 
fo r  p la s t ic  f l o w .
k h a  p r e s e n c e  o f  s u e i i  & l 3  3 . o © a t I o n a  mom&ses t h e  m o d u l u s  
o f  r i g i d i t y  o f . t h e  t i o t a l *  U n d e r  t h e  a c t i o n  o f  a  s m a l l  
s h e a r  s t r e s s  a  ’ d i s l o c a t i o n  l i s a  * P i g * 0 0 )  l o o k e d  a t  A 
a n d  3 . w i l l  a s s u m e  a  c u r v e d  f a r m  a n d  t h u s  c o n t r i b u t e  a n  
a d d i t l  I  o h o a r  r e p r e s e n t e d  b y  t h e  s h a d e d  a r e a *  ' '  X h e  a e < *  
c r e a s e  o f  e l a s t i c  m o d u l u s  r e s u l t i n g  f r o m  t h e  o p e r a t i o n  o f  ■ 
s u o h  a  m e c h a n i s e  l a  g i v e n  s ~
w h e r e  a  *  m o d u l u s  o f  r i g i d i t y *
M  ’ »  P e m b a r  o f  d i s l o c a t i o n s  p e r  u n i t  v o l u m e #
. 1  ®  a v e r a g e  l e n g t h  of d i s l o c a t i o n  l i n e *
O r  «  a  s l o w l y  v a r y i n g  f u n c t i o n  © f  X  n e a r  t o '  .
unity fcr £  rm XCT^ ,
P r i e u e X  e x t e n d s  a a c l  e o n , f i r m s  t h i s  e x p o n e n t  b y  considering
t l i a  c a s e  of dilute s o l id - s o l u t i o n s ,  e n d  e x p l a i n s  I n  t e r m s
o f  th is  hypothesis why t h e  a d d i t i o n  o f  . s a l u t e  atoms w i l l
a l w a y s  a t  f i r s t  i n c r e a s e  t h e  s h e a r  modulus t h o u g h ' l a r g e r
-  14?
© o n a e n t r a t i o n ©  m%g l e a d  t o  a  d e c r e a s e *  I n  s u p p o r t  o f  h i s
h y p o t h e s i s  F r i o d a l  c o n  1 .  : r  t h e ' expsrl&entaX r e s u l t s  o h * *
ta in ed  by B radfie ld  and P ursey^S ) on • copper alloys#  ■
f l i e s ©  w o r k e r s  n c M o u r e d  t h e  d e e r e & a ©  o f  e l a s t i c  m o d u l u s
r e s u l t i n g  f r o m  t h e  a d d i t i o n  o f  ' s m a l l  o u a . a t i . t l a a  o f  & i n © f
a r s e n i c  a n d  g e r m a n i u m  t o  p u r o  c o p p e r .  ■ d o n e e s t r a t i o n a  o f
t h e  o r d e r  o f  f > # 0 0 4  r e s u l t e d  i n  a  d e c r e a s e  o f  m o d u l u s  b u t
a n o m a l o u s  offeats supporting fried©!1$ t h e o r y  w e r e  o b s e r v e d
V v i i o a  t h ©  a o n o e n t r a t i o a  o f  i m p a r i t i e s  a p p r o a c h e d  0 . 0 0 1 *
O n  t h e  I n a l s  o f  t h i s  t h e o r y ,  t h e r e f o r e »  t h e  d e c r e a s e
o f  e l a s t i c  j s e d u l u s  001130!  I f  p l a s t i c  d e f o r m a t i o n  r e s u l t s
f r o a  t h e  m o r f U i O i i t  o f  e l g o  d i s l o c a t i o n s  u n d e r  t h e  a c t i o n  o f
a n  a p p l i e d  &U$u? o t r e u a #  Heavy c o l d  w o r k i n g  c o u l d  r e d u c e
t h e  e l a s t i c  i s o  l u l u s  b y  a  n a z i n u n  of 1 6 4  o n l y  i f .  a l l  t h e
d i s l o c a t i o n s  f o r m e d  r e r e  a b l e  t o  n o  t o  f r e e l y  i n  t h e  m s n e r
i n d i c a t e d #  X a  hm yilg  w o r k e d  m a t e r i a l  t h i n  i s  t i n l i f c e l y
a n d  t h e  e a p o o t e d  d e c r e a s e  o f  l a o d u i u s  o n e  t o  c o l d  w o r k i n g
w o u l d  h e  o n l y  a  f r a c t i o n  o f  t h i s  q u a n t i t y .
f h s  alternative t h e o r y  i s  d u o  t o  t?hof re**
je a t ln g  previous tlicorieo bu^ouor  ani Eshelfcy, considers
|  P S  i
a  a d  e x t s o d s  a a  i d e a  o r i g i n a l l y  d u e  t o  i e o t t  #  a s  t h e  
r e s u l t '  o f  h i s  r -  *  1 n o x k  o n  s t r a i n e d  c o p p e r  l i i i i t h  c o n - *  
c l u a © 4  t h a t  t h e  * * *  a ©  o f  e l a s t i c  moCnlm w a s  d u e  t o  t h e  
r e l a t i v e l y  m o b i l e  s o r o r  o - ^ a j a n n n t s  o f  d i s l o c a t i o n  l o o p s ,  
a n d  t h a t  i t  w a s  p r o b a b l y  a n  e l a s t i c  . o s c i l l a t i o n  o f  t h e  d i s ~
■*» Xiil «*
location w h i c h .  o c c u r r e d  r&t&er t h a n  a  form o f  h y s t e r e s i s  . 
ia  vhioh dislocations snapped loose at small stresses#
• .  a o i l t b  s t a l l e d  the recovery w h i c h  t o o k  p l a c e  a t  . t e r m * *  ' 
erasures up to XOQ°Ot hut Ms results were, Interpreted- by 
e o x p c r i & s  t l i e m  w i t h  a  b a s i c  v a l u e  o b t a i n e d  b y  a n n e a l i n g  a  
m m p l a  i o r  7 C #  h o u r  a  a t  1 0 S ° C .  f a t s  f a c t  s u g g e s t s  t h a t  t h e  
p i i s m m u m a  l i e  w a s  i u v e e t i g s t i n g  w a s  t h e  s a n e  a s  t h a t  w h i c h ,  
i n .  t h e  j u x o c u t  iso e a r  oh r e s u l t e d  i n  an l u c r e : so of frequency 
I m m e d i a t e l y  a f t e r  e i r a i i i l i i g *  i n  c o n f i r m n l i o f  o f  t h e  r e ­
s u l t s  o b t a i n e d  i n  t h e  p r e s e n t  m e r l  I t h  c o n c l u d e d  t h a t  b o t h  
t l t l d  e n d  s p e c t r o s c o p i c a l l y  p u r e  zo^c?  r e a o t a r e d  t h e i r  
e l a s t i c  ' p r o p e r t i e s  si/th' l l m o  in a  s i m i l a r  m n n e r #  ' H e  
a t t r i b u t e d  t h e  r e c o v e r y  p w o o a s a . t o "  t h e  b e h a v i o u r  o f  d l s l o c a *  
t i a a  l o o p s  o n  d i f f e r e n t  p l a n e s *  w h e n  t h e  s c r e w  c o m p o n e n t . 
o f  o a a  l o o p  i s  a i a o v e  - a n d  ’ p a r a l l e l  w i t h  t h e  s c r e w  o> “nt ■ 
o f  o p p o s i t e  s i g n  of  t h e -  o t h e r *  t h e r n & l '  ^  r m g y  m |  a l l o w  t h a  
t o o  t o  j o i n  u p  t o  tom  a  s i n g l e  l o o p  j o i n e d  b y  t w o  s h o r t  
edge dislocations#
ihe reaults of the present- research make It not unlike** 
If that the-reduction of e lastic  modulus o-used-by cold 
w o r k i n g  c o u l d .  b o  d u e  t o  a  combination of  t h e  o e e b a n i s m s  
s u r g e s  t a e l  b y  i r l e d a l  a n t  s m i t h *  ' I t i u s ,  t h e  c o m p o n e n t  w h i c h  
r e s u l t s  i  4  t h e  e d g e  d i s l o c a t i o n s  w o u l d  b o - r e l a t e d  t o  t h e  ■ 
internal fr iction  a n d  could a c c o u n t  f o r  t h e  m i n i m a  o n  t h e  
fregieney curves which correspond to the maxim on the
«* 14S **
I n t e r n a l  f r i c t i o n  e u r r s e *  s i m i l a r l y  t h e  eciga d i s l o c a t i o n  
. c o m p o n e n t . c o u l d  account f o r  t h e  p a r t i a l  r e c o v e r y  o f  e l a s t i c  
p r o p e r t i e s  a f t e r  1 aw t e m p e r a t u r e  a n n e a l i n g #  A l t h o u g h  n o  
e v i d e n c e  i s  a v a i l a b l e  t o  confirm t h i s / v i e w  i t  i s  p r o b a b l e  
t h a t  t h e  e x t e n t  t o  w h i c h  r e c o v e r y  o f  t h i s  t y p e  p r o c e e d s  
w o u l d  b o  a f f e c t e d  b y  ' i m p u r i t i e s ’ ' i n  v h o  s m . m  m a a ^ r  o s  t h e  
i n t e r n a l  f r i c t i o n *
The isothermal increase of fremieaoy which inevitably■ ■ 
occurs after s t r a i n i n g ,  however,  w o u l d  be caused fey the , ' •  
serew dislocation components and would not bo related to 
5 t h e ' i n t e r n a l  f r i c t i o n *  ' ’ "
isinm t h e  s t r e s s  f i e l d  of a  a o r o o  d i s l o c a t i o n  is  pure-' 
' I f  o n ©  o f  n h e a r  w i t h  no- h y d r o s t a t i c  component, s u b s t i t u t ­
i o n a l  i m p a r i t y  a t o m s  w i l l  n o t  interact with i t *  I f  i t  i s  ■ 
assumed ’t h a t  that' port o f  t h e  &odisi n s change due t o  the 
screw dislocation components i s  greater t h a n  t h a t  caused 
hf  F r i e c t e l * o  m e c h a n i s m ,  t h e  i n e v i t a b l e  i n c r e a s e  o f  f r e q u e n c y  
after s t r a i n i n g  i s  e a s i l y  understood# E v e n  w h o a ,  a s  i s  the 
case o f  t h e  h i g h  p u r i t y  sample a n n e a l e d ' a t  8 0 0 % ,  t h e  i n t e r *  
n a b  f r i c t i o n  increased with time a f t e r  s t r a i n i n g ,  r e c o v e r y  
due to the linking up of screw dislocation.components would 
h a  a b l e  to 'compensate for* t h e '  s l i g h t  d e a r e a s ©  o f  m a u l tis. i t *  
s a l t i n g '  f r o m  t h e  unlocking o f  © 4 g o  dislocations* E s  
i m p u r i t y  a t o m  w i l l ' n e t  react w i t h  t h e  screw d i s l o c a t i o n s ,  
r e c o v e r y • d u e  t o  S m i t h * a  m e c h a n i s m  w ill i n e v i t a b l y  r e s u l t
** 150 **
In an increase of e la stic  modulus#
A subject deserving attention at tliia stage although 
i t  cannot tee fitted  into the framework of 'the previous die- 
oussion is  that of annealing temperature# I t  mm found 
with both the toitgh pitch and high purity copper that the 
higher the previous aimealin^ to^jcraturo, the greater was 
.the oh ige of e la stic  modulus which occurred la  a given 
time after the application of a strain increment* fhls 
may tee a grain e lse  e ffec t, feat deserves attention in a 
further study of tills subject* ’
** 2*5-1,. «*
111 * Conclusions .
The effect of p lastic deformation on the internal 
fr ic tion  of copper of various grades' o f purity has boon 
investigated* I&periments mm carried out using tor- ■
signal vibrations. of sppro^iriatelj two o^elea per second*
#*»#**^15I.-foximan vibrational a trains of 10 ' were-sot exceeded 
during the -10513-* , l t  ha©.been shown .that similar effects' 
are produced whether samples. a re  deformed e i th e r  in  to r- ' 
slm. or lon^tudin&lly. Far purposes of convenience tor- 
s i cm ! straining was 'adopted - for the .major part of the 
investigation. ' The following new'facts have been 
established as a result of this voxlc i —
Cl) Surras of internal fr iction  plotted ©0 a function of ' 
permanent strain invariably exhibit a primary maxima . 
which csours tt  shear strains in the range 0*003 -
0.#0a* ■ '
(2) • r2.txo mgnituds o f the increase of Internal fr iction  pro- 
dueed by cold working increases.with the temperature 
at-which the specimen has previously boon annealed*
(3) Secondary maxima occur ©a the curves of in te rn a l 
fr ic tion  plotted as a function•of total.strain#
these IseoAuary peaks have been shown to b© associated-
■ with the existence of recrystsiIIsation textures in
t h e  m ateria l tested# '
•>
(4) .(B) Tho ‘ in te rn a l f r ic t io n  of a opeoimen changes witti-
t i  bb a f t e r  a n .  increment o f  a  t r a i n  h a s  hmn  applied# 
With aoiMeeyciallf' pure c o p p e r  t h is 'change.is  
. I n v a r i a b l y  a d e c r e a s e #  • f l t h  high p u r i t y  c o p p e r  
i n c r e a s e s  o f  i n t e r n a l  f r i c t i o n - . after s t r a i n i n g  
occur un&a? certain conditions# , a theory account­
ing f o r '  t h e s e  e f f e c t s  h a s  boon advan e e d #  . fhts 
t h e o r y  p o s t u l a t e s  t h a t  t h e  changes o f  I n t e r n a l  
fr iction  w h i c h  occur a f t e r  © t r o l i i i n g  a r e  c a u s e d  
b y  the migration o f  dislocations t o  impurity a t o m s ,  
o process which is  the converse of C ottrell’ s 
■ theory o f strain ageing. Evidence "confirming the 
migration hypothesis has boea afforded by the 
r e s u l t s  of - ecou&ato e l e o t r l e a l  t e s i s t a n o e  .measure­
ments o n  strained w i r e s  o f  varying degrees o f  p u r i t y  
( h )  T h e  . p r o p o r t i o n a l  c h a n g e s  o f  i n t e r n a l  f r i c t i o n  o c c u r ­
r i n g  a f t e r  - a n  I n c r e m e n t  © f  s t r a i n  hm  b e e n  a p p l i e d  
h a w  b o o n  s h o w n ,  l h  t h e  case o f  c o p p e r  o f  o o s a a e r o l a l  
purity, t o  b e  d e p e n d e n t -purely upon t h e  i n c r e m e n t  
o f  s t r a i n  c a u s i n g  t h e m #  • %  a r e  n o t  a f f e c t e d  b y  ' '
t h e  a m o u n t  o f  s t r a i n  previously a p p l i e d  t o  t h e  
s p e c i m e n  o r  t h e  t e . m p e r a t u r a  a t  w h i c h  t h e  specimen 
h a s  b e e n  p r e v i o u s l y  a n n e a l e d *  ' I n  t h e  c o s e  o f  
hlrh  p u r i t y  c o p p e r ,  h o w e v e r , '  b o t h  t h e  m a g n i t u d e  
and s i g n  of .th o  changes o f  i n t e r n a l  f r i c t i o n  occur­
ring a f t e r  s t r a i n i n g ,  a r e  affooted b y  t h e  p r e v i o u s  '
X fr w- «*
' ■ metallurgical history of the specimen*
H i ©  ^  i l y  lev e l eo&eopozidl&g t o  t h e  r a n g ©  © f  
transition b e t w e e n  these t w o  t y p e s  of behaviour 
appears to be approximately e .C C ?  I by t S  *it*
(SJ C h a n g e s  o f  e l a s t i c s  modulus aeeonpcmy' the c h a n g e s  o f  j 
i a t e r a a l  f r i O v ^  i  v i l i i e h ' o o e t a r  ' a f t e r  s t r a i n i n g #  H ; t ©  
e l a s t i c  e M u I u s  I n v a r i a b l y  i n c r e a s e s  a f t e r  s t r a I n i n s *  
a n d  t l i ©  p r o c e s s ,  © a m s i a g  t h i s  c & a n g e  d o e s  n o t  a p p e a r  t o  
b e  - r e l a t e d  t o  t h a t  c a u s i n g  %tB c h a n g e  e f  I n t e r n a l  
f r i o b i o n *  C a s e s  w h e r e  b o t h  t h e  i n t e r n a l  i x i t t im  
and e la stic  modulus in c^   ^v  after straining hare 
been observed. Hi© saag&itude of the change of 
■ e la stic  occurring after straining la primarily
d e p e n d e n t  upon the strain laoremoat c a u s i n g  i t ,  b u t  i s  
e l s e  a f f e c t e d  b y  t h e  t e m p e r a t u r e  a t  i  *  i e h  t h e  s p e c i m e n ,  
h a s  p r e v i o u s l y  b e e n  e m e a l e d *  v - i t  i s  I n d e p e n d e n t  o f  
t h e  p u r i t y  a n d  o f  the a m o u n t  o f  s t r a i n  p r e v i o u s l y
i -
a p p l i e d  to the specimen*
{6} Hie internal fr ic tion  caused by cold wording can bo 
virtually  eliminated by oimealing at temperatures up 
to MCT'O* I t  has been shown that th is tc \  ©retire 
' i s  well balow that required to cause softening in  any 
of the grades of copper tooted#
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Clangs length of specimen in inches* ■
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■ S u r f a e o  shear strain . . 1
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pox* unit increment of tr In  t  • hours 
after atraining. •
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letofi\fX ,rc —fty#®  oec i r r l na s f t e r  the  .» —*« ,T^ f  ^  v^a *T o f . y  .•
(of X&troclnQtion. •
: l a  i t o  p/erlo;s> <21$* ion, aUoaz^ o f  in ternal
ff ie ti-o a  o m srrlnz  e f te r  J  e ap p lic a tio n  o f 's tra in  ft©*©'
.iiiterpratecl, in toyru of'a' meaaanisn inroXfi.ng the inter** 
act ion of B isloiitioa.j; aao ; imparity ■ atoms* ■ ■ fti© process • 
enolsmaei-war the osnoerco"t>f "p.h tS rc lip s’ theory ©f s t r a i n /  
ageing*,. ti©isg .one in- v;Me& fisioeati-ona  m igrated to ‘'Inpu-rity  
ateao ra th o r im parity  atoms to  itsXooeiloris*
f t  .aao fe lt-  th a t  a proceed o f 1 th is ;  typo would• lead- to  ■ 
obe ^ao of e le a tr i^ o l 'a e s io t  see similar to wloeu which, 
accompany the macho nfon of s t r a in  e y in g  in  i r o n ^ Wf^ *
Both disloeatlena ami impm’lsy  atoms ooatter aleoiroas and 
Increase tlio © yetriim l o' i.'V v o e? >. » ia f. the oara* 
bine« risloaafioHo cad t a y a i  l i o n  -morid be e.speeted to ’ 
co n trib u te  -lm& to  the a l s o t r io s l  ree ie faeee . tfoa  f l  they 
wore seearately dispersed* I f  the changes of in ternal 
f r ic t io n  v/aleh aeeurrod.after oirainliig were.doe to a ' 
locking osoliaaiea of the type'envisaged It was , rears liable
to suppose that they woiild be ■ accompanied by a' corresponding
. . . .  *
doorease of - e lectr ica l xoaiatanoe* . ■ ,
■Mmamte meoaareiaents of th© eleotrieal resistance of ■
0 trained copper wires cere mao In order to eenriirr the 
hypothesis*
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(b) * ** , n .  /» ,. * , ^  -?l XII -JffL
11 was expected that tli© chants of resistance 
occurring would is  related to the • Imparity content of the 
strained material* • Ifie dislocation atrno  ^ Jtm envisaged 
were not condensed end impurity atoms woitXci ■ s t i l l  m^ke 
seme contribution to the to ta l resistance although this 
effect was Ilk®If- to he leoa them If the atoms were ran- ; 
y distributed In solid  solution*
fihe tough pitch copper had a total l&purity content 
of /V 0*04$.Hiokelt present to the extent of 0* 003,1 would 
probably have the yr.ntesfr- effect of .any of the Impurity 
elements* If the .disturbing influence of nickel atoms 
in dislocation atmospheres wao saonmec! to ha half that of 
these atoms randomly .distributed the. im&laua change of 
electrica l resistance after straining was lik ely  to he
of £h© order o f 0*1^* Other 1 JSiSSlu r lty  -stoma present niglit
increase Mils rig .re s l l^ t ly *  .
ftiese considerations indicated that  ^ ammnts$ If 
they were to be of any value would have to he naie with am 
accuracy of the order of 0*01$*'
( 0 )  m i 4 t
Hesistano® meaaaremsnta ware mafia using the standard 
potential drop method in  conjunction with a vernier potent-
ffiomcter having a se n s itiv ity  of one part In' 10a * lh® c i r ­
cuit employed Is shown on figure (X}» apeciaen® were in
*0m
&£U
*
*
fc»i
the fora of w ire 0*020" $1©* . in  id e n t ic a l  length of 
annealed wire o f the Bmm degree o f p u r ity  was used as a
In order to ensure that conditions ware comparable ’to 
those employed in  the internal fr ic tion  .lasts the • apparatus 
was. deslghei so that .the test samples oauli ho' -eufejeoted to 
mj desired torsio -1 strain in s itu lia  o* la te ly  before the 
oorwpa o it# o f  e l e c t r i c a l  jae a &> iX& tiurie ii- t s *  t h e  sp ecim en s  
and standard wires i era aa parted alon ,siil0  one another in 
the apparatus sliowa in 01 ;ji*o' (2}« a ah an arrangement 
was, necessary in order to prevent random temperature varia­
tions from interfering with the va lid ity  of the' rests its*  
m temper&tiir© eh&ngo of one degree 0* alters, the resistance 
of ao.'per By a*4m« By radiating the specimens and standard 
wires in %h& manner indicated temperature variations affect­
ed both e a s i ly  a ad did not affect the ratio of the resist-  
anas of tuo two wires* ■
(d) procedure
Bamplae of the tou^ i p itc h  and hxwh p u r i ty  copper used 
l a  the  in  tax u l  f r i c t io n  measurements were swaged down and 
drawn into wires 0*020" 41a*, which were then annealed in  
arjui for two hours at 400%* . Identical standard and
sam ple w ir e s  were mounted c a re fu lly  in  th e  ap p aratu s w hich
was rep laced  in  i t s  o u te r jack e t and supported f a r  con­
venience i s  a w all lagged h o rizo n ta l tube furnace a t  rooii • 
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After connection had been 3 to the measuring' 
ei remit a current was- passed .throtisj* the wires from a 
storage battery until, steady oehditione had been attained* :: 
file sample was then -subjected to a  surface, shear strain of 
the desired- extent by twisting knob **/>** * ■ The potential 
.drop mms® both standard, and sample wires was measured 
as soon a & possible after the strain had been .-..applied 
ana then at frequent Internals oyer a period.of several 
hours* I i l  readings were t&km approximately B4 hours' . ; 
after the strain had been-applied# I t  was' found - that ".
' thermal-and parasitic in  the circuit . ( e s v r e v e a l e d
when the reversing .switch was brought into operation) did-: . 
not exceed 2-*3 micro volts as any period daring the-tests*.
(©) WOO^ ltO*
fhe changes of resistance which occurred after the - 
application of s t ra in  to the wires are shown'graphically on 
figures (3) and (4).  ’Estimation of the resistance 
h  oai&tely a f te r  s tra in ing  was found to. be impossible*
The resu lts  are the re fo re•expressed In these diagrams in  ' 
te rm  of the percentage decrease ©f. resistance which 
occurred subsequent t o -0 time one mlmte a f te r  straining*
ins decreases of resistance actually observed, although 
ou: erM© In magnitude, were somewhat greater than th ose’ 
anticipated* ■ ■ fho res 1 stance o f  the tough’ pitch copper ,' 
s? us , ,  for example, decreased by approximately.0*s;S /
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Appendix A* Fig. A
Changes o f e lectr ica l resistance occurring after  
the application of strain to wires of tough pitch  
and high purity copper*
twenty hours' utter  straining* - Itie greatest, change Y&lch
occurred with the high p u r ity  samples was lo ss  them 0*i$*
' An- In te re s tin g  feature of the r e s u l ts  was the s lig h tly  
rising tendency, after the in it ia l  ar©|># of the graph 
illu stratin g  the etisngQ of resistance of the h i #  parity 
sample subjected to a surface shear stm ia  of 0*070* Mo 
explanation ena ha advanced for th is effect*
1
{£) co'wimipm. ■ .
fasso 'experiments established that the e lectr ica l 
resistance of loth eamnaroiai and Iilgli purity copper de­
crease! at room toaperafcura for a considerable period 
after straining* iii© results obtained penalties! the 
following conclusions to ho ' ;
(II Tivenfcy-four houre? after ■ strainlag9 the e lectr ica l 
real; o we of tough pitch copper decreased’by approx* 
teste iy  0*^1* Ihe corresponding charges occurring la  
high i i v i t y  c > x were le s s  %hun 0*15* 
t i l )  M th. the high purify mtmiul the magaitmde of 
the changes occurring increases nltii the degree of 
s t r a in  ap p lied * 2he effect l a  not so pronounced ■ 
with r 3 t n j h . p i %wh ooppcr* •. ■•
Vho jo as i l l  3 are In ~wr;ea ait xlta bno *redlotions of 
the impurity loohieg hypothesis advanced in the previous 
isssiori# rn.o xuo  ^ uncit -j^ 4&&wer u v w * ^ of resletanoe 
a f te r  s tra in in g  occurred r l t h  th© tough p itc h  than w ith the-
-  m  *
high parity copper affords' evidence ill favour of the theory 
that part of the recovery process a t room tamperstore con- ' 
s is ta  of an interaction between dislocations and impurity, 
etom*
X» Zm®v¥ 8*> 3&&aa#£*X*M»$* l$f* 150*
S* 2 e n $ r f 0 # ,  l l a a t l o i t y  a  a / u o o l a a t l e l t y  o f  m t a l s *
XMB GUI. p .  '
5*. ■ lash ort, I*# ancl Hall* O#* fraas* E#P*a*. 19S4* 33*
Part X 17fr»S03» ..
4* foisiim on, H* Phil.# Msg* (5] 1887. 35# 345. *
8.- Bouasaa* H#* mud Carrier©» S# iX/Chisu Pliye* 19CS*
XI# 190*234* ■
a* Borey* a.p* Proa* x&bt* Hah* B* 1952* X£5* 4?‘9«»53S*
7# . £©g®X» R#t and H ither*  H* Hyaios# X95S*§* 141#
O.v i'&rster, S, ansS JUS s ter, E« Z, S E ' l t t .  1SS7. 29. IIS.
9*-' I£0stert W# az'i E & s a a t h . a l * - E * ' 1933* 30# 345#
10# ZQm^s 0#* €larhof B*» cau Omitti, 0*0# Frans* jUX.B.I*
IMS. 147* 00* ■
11* Boulanger* Ch.* O.K.* xeai* sol* Paris* 1948* 2SS, 1170*
12* Bead* f*B# Vhfk* Her* 1940, 08* 571.
18# noscf* fJ?*P# TpsB3# ii.l*  . # 1041. 143# 30*
14• ■ ifotiHd§ CI.I1. Irakis* i'i.X. «-W-* 1948* Xol. 120#
13* H l f t ,  ImlW and XUcher&son* J.E* 1* Pppl* Ihys. 1947#
13« 417 *
la* ivOiul* f*/.* ar»i* a* 4*1# * a* v&ysi* 1943*
17# 713* ■
17* Eochler* IFF* AEys* Her# 1949* 73* 1326.
IB* fJarx* 0F IXifs* fl@T* 1949* 73* 1620*
19* Hoiel£* B.3* IttpS# B©V# 1030* SO* 243*
SO, McmMk* aua* aynpoaltsa or* tho p la s t ic  deform tlo a  o f
aoys #iiA.j*Xi2.vj *-vXius. Xiv'So# &■ «& t$©f$i*rgt3.• JXL88#
■ 2 1 * Marsf J* aad Koehler*. 0F8* 1610#
-  1 7 3  -
£2, - f i t  teaser, 3* jrtiys. m r . 1951, 03. 07S,
20* i^ vj'.-£>orij «s• v.; * ixi^ ro# -X94X* uO* &30*
84*. E ssl ufci, H#B# andH irai, t* f ,£ppl*  i%ya* X9SX* £8*
K m ,
. &G* xiciSi t*!, «T«. * 'iaoo* XvO*?* S i  ■?&&•
BG» 8&<sk* O p ia t e s  on the P la stlo  Baf o r a t io n  of Crystal*
. Xiao Solids* plttstmrgli* 1930* p*M&*
.27, Hotdek* &*■&# Progress* in  Betal .physics* ¥©X* 4* p#55#
*$$* «i©no2? § 0# and BandalX, B*IX* xxons* a# X#M*&« 1940*
. 137* 41* •
89 » kS, T.3.; . .  S. I. .3 . IS80. 189. S7S-500. ■ ■
So* BosorFiela, w* 1# Item end Steel' Inst* 1900.#, 70*. 189*. 
oX# ' ©at, $*/*■# * J*M#ii>* IGeoG * Xu7* X$?8♦ . . . . . . .
32* Horton, i* Xa; no* 194C)* 157* 4 t. .• . ’. . . ,
rn* js&sta?, \tr* i* ^taX ife, 1940, 33.“  , ; ' '
04# BOppX, Q* 0 * . Xxoii ana mfeeoX ataao# x%?4t 593*
S5* Coiiticotor, 0*P# an.l Tlior^.on, F«C# J* Iron and a tool 
- , Xnst#» 1040* MX* 137, . . .
S§* Fm m ar, X# and niOTSf* j.*|Y lm%* ffet* 1944* 70# X*
37* Hsiao took, IUf*, an# Hurray, Ju*,l*Xa3t# Met# X94G* 72*97,
08* otcmtoa, -MB* and %%om&mn9 F«0* JMXast.Met# £943*09489*
00* &©ne£, a+'X&ys* .Be?* £988* 53* 588*
40* senor* 0* ttpr* Rev* ■ £958., 58* 90*
41# BandsXX* B»H*f Boa©, f*0*t and £@nea?, CtPhya* Roy* X939*
5i>» $43 • •
.48* F3W*% r* Atterfea0h«4tor$*£ ItnZ^^h  dep lli^silcalisolieE  
u u  'Teeh&lsciiea ptiyslk# chapter 6* ^laofeirkteag  
* n * Hrntoresis* 1901* Belpsis* ift& cm  fiertb*  4* X* . 
0:X~GJE).
.«* £?0 «*
f#S* sM  Lenar, 0* Smpaaima on ill© l i e s t l o  .DefottBW 
atiosi of v j, a a l i a s t ' 1950*
;■ ... ftlOO* ; ,
44* £3,. T*S«,mm* Kov* W4f* 71*333* ■ .
4§. frnitk* f.C*. and Bead* t# f*  Ifipi# &©W 1930# 79* 722*
40, ib tt,>#F # XIUM M g* .1958*' 43, U 5 1 #  . , ' ■ ‘ ’ :; V.
47* Sood, ■ 5 »i»* proc# Boy* soo* A* 1969# 172* 231*
48.* Series,;0 . Stasis. A*I*M#JU 1943* 102* 122* ( , .
49# *.0it5B* F* MYmazn In  Physios a u e r t .  Siip-pl* to  m i l ,
SO.* C o ttre ll*  .ml!# £tep# Conf# on the 3tr? " IB of so lid s*  
lit$B* &oo« London, 1948* p»20.
01* Oalilet* L# IMd* p * l i e . " - -  v '
00* Lewis, f  #„ *, Foocrts, a*I#l nad ubtolohio, m e * Proa*, '
« los * a# IFae# £*j v# *»7v ♦
S3* *>**el3L#. J #Q# s c i e n t i f i c  Papers, II*  p*' SO*
04* SLnniook, !UF* Itis Hon-itestr&oiiv© la s t in g  of IB ta la#  
tendon* ■)■ '
55* Failing, A«&« Mot* lad* MSI* 78.' '223#£S, 271-78, 891-98*
50*' LlegeX* S* J’# * cmaot* 8 oe# iser# 1044* 16# 8 6 *
S7* C o ttd lf O5*!#, i<3.121*11*t.4.0 , , as.0 Lro W*Q♦
• I* xnr.t* .Of* 1948* 74* 373~M** ■
08* Marsh, f£*J# report Mo* p*9S5* '0 0 t* 1062* *
09* f in s ,  MB* J* Fatale* 1950* 8* 1522*
60* Ghofonsrd, P* and pa ;U vln't A* 1986# ¥° Ooagrea. i s
. •; •' Olnoaio Xadttatriello, 454#
61* The Ball Bearing Journal# 1947* !Je*2*
0 2 #  A lk# «l # i * 0 t a  l . iS v *  2  # 6 *  P«VWW«'
63* M, teagart, IF tins Lang, W*"L# Fetsills* 1900*
40*' 64*
04/Sil*'f*3* J# U Biys* ;X04i# 20# £74*
65# Esnsr, 0#,- ten Llnkla* B# and MXelsea# li* trims* juI*3*E#
tem* 147/98*
so# aieestc^m, , L/r*, uox m / 3 s  H# she .s&eory
M Lata ^noeeeaos, How fork* 1941* .•• ■ ■ - ‘ ,
67# idiXBOS , /*i!« Mid'• ilMX|. i£#jf#‘ £*pasit3 # A*X#1;S*IS# £983. £88#-
■ ; xoo# •
60* Byring, II* 6 3 . 0 3 *  i % y s *  A, * 4* £88* '■: '
69* i .-xmn/ 12* Proa# Lest of seotlcM  Iron and a teel Inst* ■
* ■' fet>* 1947*'• . :■ .
70* Polony!, li»* and I i'ja*vt &P* S.f# i-itjsilc* Chenie* 1920*'
159# - t^e* •
71#'wood, y*.a*t Litas, c /w f * s isger, 3/ last*
Met* 1X1. .70# 130.
'73#' frank, ?#0* 1956# rlttotonrah arripostei on the pli&tlo
Mten.Mlcu of „ tmJltie Holida* p.XOO# 
{Cnrnegl© Inst# of Ics/num jr  end affioo of Haifa!
. ,mo . ■-
7 5 /m g i3 l? I*1M L  Mg# 1953* 44* 444,.
74. 1311'ly, n. ** oYjat Vital led*«trios* August I960* p .710*
75* SeitL, 2* Memoas la  rhyoics,' 1958. X# 48.
73#. tenor, 3*3# 3311* lte§« 1951* (7) 43# 1327. '
77* C ottrell, A/l* 11* teg# (£953) (7 )  48* 648* '
78* Brinltson, J# *, M tel# , and hen, 8*J* ■-
«. c te ot * 13o4» £#1* p#u3*
79* Hedges, J*M* end f it  ah ©11, J*W*, Phil* lag. 1933* (7j
44. 215#/' • ■
DO* Botoei, T. /Leery of tendon* 1942.
Ol* C ottrell, teH /M s',^  a 1cm and lie s  tie  Flow in Crystals* 
-Oxford* 1X3* . .
©S.* Lina©, ■ «F*0** iuincieXX* Bo*, and strode, O#H*
■ Arkiy, f* fysik# |8tookliols) 1950# 2, ( ii)  at*
— 170 —
03# ?oa Mises, E* c* ;*ngov;# Zoth* ®* ¥&®h* 1928*8#161*
84.; _ ,,!«#  tel*" J* last* Set* 1928. 62* 007*
83* tef* iiagerfavi/.n^ in u sa  y perfect ox* ~ >££•
36. by *! * uMcy p*17 . Law tetl:* i y#
Ca * fejO'Vv, .«♦«* xroc* iioy* ooe® *-.•# 1vgo« aso* 8#
€7* la/m dte i* ,  *a£ n n t/o m i/ 3# teB* loai* soX* Paris*
lv4v# • wwljf $»3. ■
88* Oastalag a t/ Cainier, A* 0*B# AOste Lai* Paris* 1949*
•ar«. sr $ t  < v
« * V i  V f
89# neidenrslch, tete te  4 , 1# ifeys. 1249.' SO* 948.
SO. B ed / i . e . ,  aid Ha H-in,■■■Trass* te l.te te ' 1949* 185* -627*
91* l&llea/ -tel?*, IXirseh, i/B ## aid Hioaps teJ* XTstute*
1089#•108#■334#
92. Owes, U*&*$ mH lAut ¥#H* Proa* Miys* Boa* 195X# 04*000.
93* ii&lKOTO, F*tete Blseaosiosi to paper by Xiratm* te f*
I . i e M  /  i ,  1902* CO. }£0*
O'?®# a#if # a * Ijiss# i.loif. 1 , % 80# XX&*.
85* B te a M /ii/te , cmO fureoy, H* Phil* J w /  1983.. 44* 407,
;90* Sait!'/ tetete Phil* mg* 1 X 3 /4 4 . 453*
97. C ottrell, .0/ 1*, x d  /r a  S: y a. a*/# J* Iron and stool
lust* l# /te  Xuw* 27X#
' 98. Copper Uui Book, p*X?*-
9i/E §st© rf f* /rate Msettofcienw* 1940-4X* 14. 271#
XjO* Booia*C j j».*44* J* a.p|jl* &$£$&# XvCw# •wb# 0* XX29#
Id# Ijo t ter X , *** J * Ins t * &&£$># £00$# <3s* X49#
102* M «aa, MB#/and u* *. iers#‘ B* Fata Hat# 1938. 0*1* If*
■ X tteteetiea /te te*  and * / omy, J# telast/M et# X955-4.
82« 545*
